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1. ante- Signal  Test  Set  Used  in  Charact  eri  r/c  lot; 
Measurements  for  the  Coaxial  Combiner. 

Two-Diode  Coaxial  Combiner  i.arre-Siynal  Data 
at.  7a  mA  Current  Dias  (Error  ±  O.t  dr). 

Two-Diode  Coaxial  Combiner  Generated  Power 
(7H  mA  Current,  bias).  I ti put.  ‘Cower  Revels  of 

DO  and  1 b  dBm  Are  Indicated. 

Two-Piode  Coaxial  Cop, bitter  Barre-S i rnal  Data 
.at,  7 R  mA  Current  Bias. 
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Two-Pi  ode  Coaxial  t’ombincr  barge-G  Lfria  1 

Gain  ( Y 1  ■  mA  Current.  Phan,  Krror  *  ().'>  tip)*  1  1  3 

Generated  Power  Kesul  1  s  of  a  Single  Device 

a:'.  Measured  in  l.lu-  Two-Diode  Coaxial  Combi  ner 

Circuit  (y>  mA  Current  H i as ) .  i  I* 

Two-Diode  Coaxial  Combiner  Large-Signal  Data 

for  8'?  mA  bias  Current.  1 • 

Two-Diode  Coaxial  Combiner  Generated  Power  at 

8‘i  mA  Current.  Bias  and  lb  dBm  of  Input  lower .  1 17 

Mierost.rip  Circuit  Board  for  a  Four-Diode 

Microstrip  Combiner.  The  Via  Used  for 

idealizing  the  Coaxial -to- Planar  Transition 

■at.  the  Combining  Point  was  Simultaneously  Drilled 

while  the  Substrate  Was  Cut,  Assuring  Accurate 

Center  Hole  Alignment..  IP? 

Pour-Port  Combining  Hot  work  of  a  Throe-Diode 
Conti)  in»-r  Utilizing  'fliroo-Way  Radial  Symmetry 
and  bossiest  TKM  Combining  l.irtes.  1 2b 

Mierost. rip  Circuit  >nrd  Fabrieat  ior.  Steps.  I  DO 
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input  I'nwrc  wave  to  .'i  ndw'-fk. 

ia > !' I  opt mi  power  wnvc  from  a  network. 

Cent.  t  or  i  nr  coeffie  ient  assoc  1  a<  •  •<!  with  a  ' 

error  network. 

■•'requency . 

KK  current  . 

heripth  of  transmission  line. 

Total  number  of  devices. 

Total  combiner  added  power  or  perioral, ed  power. 

Power  generated  by  network/device.  identical  1.0  added 


Input  power  injected  into  network. 
Reflected  power-  from  network/ ievie 


t.'ua  1  i  t.v  factor. 


Real  part  of  device  impedance,  X.. 

’  a 

Imarinarv  part,  of  device  impedance ,  2,. 

o 

Combiner  network  eigenvectors . 

Impedance. 

Circuit,  impedance. 

Device  impedance, 
bond  impedance. 

Measured  impedance. 

Characteristic  impedance  of  transmission  line. 
Combiner  port  termination  matrix. 

Constant  defined  in  Chapter  IT. 

Transmission  line  propagation  constant. 


1' 


He  t'l  cc  t  i  on  coi'ft'i  c  i  out  . 


!■  ffi  c  i  enoy  . 

Transmission  lino  anple  defined  in  Chapter  II. 

Anple  defined  on  Smith  chart  and  associated  with  i.  . 

c 

Anp;le  defined  on  Smith  chart  and  associated  with  o  . 

rr. 

Tliermal  resistance. 

Wave  I  enjpth. 

Combiner  network  eigenvalues  defined  in  Chapter  II. 
Anyular  frequency. 

Angular  frequency  when  device  becomes  active. 

Maximum  anpular  frequency  associated  with  active  device, 
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introduction  Ann  ovkrvikw 

This  report  preterit.::  the  results  of  m  i  e  x  pi  w  i  men  fa  : 
i  avert ipat  ion  nrantini'  a.  new  approach  to  circuit-level  power  con. 
hininr  of  multiple  nopat.  i  ve-ros i  stance  device:’.  '.he  :  rono  red 
approach1  maker,  are  of  radially  symmetric  lossless  TrK  1  J uo  comb i 
networks-,  t.opofhor  with  bandl i mi  tod  ner.at i vc-roc i stance  devices:  1  ' 
provide  an  improved,  spurious-free  deripn. 

The  comb  ini  rift  networks'  studied  are  N-way  n  .nros-.  n.ar.r  cc.n.i  i 
which  Generally  uste  band]  imitinp  resistive  stab  i  1  i  r.at.  ion  teehniqu 
to  s'.upprer.s'.  under-i  cable  interactions  amonp  devieer.  unique 
feature  of  t.ho  new  der.ipn  ir-  that  no  res' let  ive  r  tab  i  i  i /a  t  i  ot;  tecip 
is  rerun  red.  i’-upprons:  i  on  of  t.ho  under  i  red  device  :  u?  eract  i  one  ir 
acci'iri'  1  i  shed  urine  1  oust  lorn  symmetric  circuit.:',  t.y  an  a  is  c<  s  r  i  a ;  e 
"ma  it  tape"  of  device  and  circuit,  which  nrovidcr  the  necerr'i  ry 
conditions  for  staple  combininc. 

‘Ill  is:  invest  i  ration  is  concerned  with  real  i  r.  i  nr  combiners',  i  : 
r.akc  use  of  this  approach  to  achieve  stable  comb  i  nors/ampl  i  f  i  err  . 
Two  comb i tiers  that  have  successfully  demonstrated  stable  e or.i  iuii: 
operation  will  he  described.  One  denim  war  novel oned  it:  micr-vt 
and  another  was  realized  in  a  coaxial  environment.  rot  h  combiner, 
utilized  two-IMl’ATT  diodes  in  a  symmetric  circuit  eon  fi  rural  ion . 
appropriate  circuit  desirn  to  provide  stable  oporat ion  war  obtain- 
by  determ i n i np  the  device  properties:  of  candidate  combiner  diodes 
in  various,  test,  circuits,  and  then  select. inr  a  circuit  which 
suppressed  undos;  i  red  device-circuit  interact  ion::.  The  per  Tc.ar.c 


of  both  comb  i  no  rr.  demons  t  rated  nons.pur  i  ous.  s.t.ab  I  e  amplifier  operation. 
A  success,  ful  vor  i  fi  cat  ion  of  the  basic  des.ipri  approach  war.  achieved. 

hi  Survey  of  Combininp  Techniques. 

The  present,  state  of  microwave  power  combininp  techniques  has 

2—4 

recently  been  effectively  summarized  in  various  review  articles. 
Kssentially,  circuit-level  power  combining  techniques  can  be  classi¬ 
fied  into  two  basic  categories:  (l)  "corporate"  or  "serial" 
combiners,  which  successively  combine  increasing  levels  of  power; 
and  (:')  "N-way" combiners  in  which  RK  power  from  multiple  devices 
is.  combined  in  a  sin pie  step.  The  N-way  combiners  can  be  further 
sub-cnt.epor i zed  into  resonant  and  nonresonant  structures.  The 
wavepuide  combiner  of  Kurokawa  and  Mapalbaes5  and  the  circular 
cavit.y  combiner  of  Harp  and  Stover6  are  examples  of  resonant 
structures.  The  Vilkenson  N-way  combiner7  and  Rucker's  five-way 
combiner8  are  examples  of  nonresonant  N-way  combiners. 

Kacb  of  the  combininp  schemes  mentioned  has,  advantages  and 
associated  limitations.  Corporate  or  serial  combiners  have  inherent 
isolation  amonp  devices  thereby  eliminatinp  non-power-producinp 
interactions  while  providinp  broadband  performance.  However, 
substantial  circuit  losses  can  decrease  combininp  efficiency  in 
these  structures.  Resonant  N-way  combiners  usually  require  some 
form  of  selective  stabilization  resistors  to  suppress  unaesireo 
interactions  amonp  devices.  In  addition,  the  hiph-Q  nature  of 
the  cavity  circuitry  usually  leads  to  narrowband  operation.  These 
combiners  do,  however,  have  hipher  combininp  efficiencies  since 


power  penerated  has  a  more  direct  path  to  the  output.  Nonresonant. 
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N-way  st  rui't.ui'p!'  nrovide  larger  amplifier  baridwiuths  with  a 
correspond  i  nr  i  iirnvir.r  in  the  mode  suppress  ion  nroblem. 

Ttii-  oombininp  c  i  re  ui  t  s  considered  in  this  report  ran  bo 
('la:-:- i  fied  as  N-uay  non  r<  'sorian  t  TKM  t.rarir.ni  i  sr  i  >  >n  lire-  n<-t  works . 
Kipure  1.1  i  1  1  list  rat  es  where  those  comb  ini  up  struct  ur>-r  an  slaco: 
in  t  i.e  -'verall  hierarriiy.  These  combiner:'  offer  a  new  approach  t, 
N-wa.v  non  resonant,  combiner  dosipn  in  that  the  suppression  of  un¬ 
dos  i  red  combiner  instabilities  is  accomplished  without,  bar.dl  ir. : '  i  :.r 
resistive  stabilisation  techniques.  The  mode  suppression  pro:/,  cm  i 
handled  ir;  lossless  circuits  by  an  appropriate  selection  of  device 
and  circuit  which  provides  the  necessary  conditions  f<  r  a  si  a  tie 
combiner. 

l.P  (hit  lim-  of  Kx  peri  men  t  al  Invest. j  rat  ion 

The  r°al  of  this  study  is-  an  experiment  a  1  verification  of  a 
new  approach  t.o  c.i  rcu  i  t-1  evel  power  eombiriinr  in  which  lossless 
TKM  line  comb  ini  nr  networks  are  us.ed  wil.ii  band!  in, ;  t  ed  IMrATT  uevic- 
to  realise  stable  combiners.  The  purpose  of  the  rierirns  real  i  r.ed 
in  this  i  nvent.i  ration  is  not  to  achieve  hiph  power  capability  but 
rat  iter  to  demonstrate  a  technique  for  reaiic.inr  stable  combi  nor /amp 
Pier  networks.  In  Chapter  II  of  this  report,  a  summary  of  tin  thee 
pertain inp  to  lossless  N-way  IMFATT  diode  power  combiners  is  pre¬ 
sented.  An  in-depth  analysis  of  these  typer  of  eombiriinr  structure 
is  documented  in  a  report  by  Peterson  and  Haddad. ‘L  Those  aspects 
of  analysis  relevant,  to  the  impedance  description  of  tic-  oxrerirr, ra¬ 
tal  combiner  are  reviewed  for  reference.  The  summary  includes  a 
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descript. ion  of  t.ho  perioral  combiner  network  alonp.  with  a  doluileu 
it  i  sours  i on  of  t  he  unite:;  i  red  i  nt. cruet.  i  on:;  that.  ean  oeeur  umonp  aei.; 
device:;  in  combiners  of  this  type.  Utah  i  1  i  f.v  eon:;t  rai  nt  :;  imposed 
on  t.ho  combiner  circuitry  are  described  which  insure  r.tatde  oombii: 
operation  while  providing  adequate  desipn  flexibility. 

A  description  of  the  various  diode  tort,  circuit:;  ur.eu 
characterise  and  select  appropriate  devices  is  riven  in  Chant  or  i 
The  measurement  test,  set  is  briefly  described,  and  device  charac¬ 
terization  results  are  presented .  Section  3.P  details  the  der.irn 
and  const  ruction  of  a  two-diode  mJeror.tr in  example  that  successful 
verifier  the  lossless  approach  to  J  Ml ‘ATT  diode  power  comb  i  r,  i  nr. 
Character  i  /.at.  i  on  results  of  single  and  two-diode  ope  rai.  i  or.  are  ore 
rented  for  botJt  small-  and  1  arpe-sipnal  drive  levels.  Pee ‘.ion 
provides  a  further  example  of  a  I  •  •osier.;;  coniiiner  no. ’si: 
ease  a  coaxial  circuit  desipn  provides  the  power  summinp  function. 
Poser  i  pt  i  ons  of  sinr.le-  and  multiple-diode  circuits,  are  present  <*c. 
alonp  wit.h  character i  /.alien  results. 

The  last  section  of  this  report  includes  concl  ur  ions  ■  the 
work  and  suppest:;  some  ideas  for  further  W'  rk  . 
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lu  tw  -rk  ran  •  wril.l.rn  .'is 


( !  1  +  I  7,r  1)1  =  0  , 


where  ]  7.^  ]  and  i  7.,  1  are  t.ho  circuit  impedance  matrix  and  term  I  an- 

►  r 

t.  i  on  matrix,  ror.pocti  vely .  C  in  the  null  vector  and  i  i  r.  a  vert,, 
of  port  HK  circuits  riven  by 


At  this  point  ,  it  becomes  appropriate  to  examine  the  lor  id 

at  the  comb  i  p.  i  nr  port,  of  t  ho  combiner  (zeroth  port  )  to  el  i 

terms,  in  t  lie  network  description  involving  t.ho  comb  ini  t.p  ; 

comb  ini  nr  port  current  T  can  be  expressed  as 

o  1 


—  V  ! 

.  ..  +  Z  ,  ^  k 
!,  oo  k  =  i 


With  the  use  of  He .  S  to  absorb  the  combi:;  trip  port,  impedance  ter: 

in  I  7,  1  and  I  ]  ,  the  oscillation  cor.di  t  i  or.  for  rad-mote  stri:  i  i  '  v 
c  l 

becomes 


( f  7.'  ]  +  7,',  j ) ; 


wiiere  the  primeti  quantities  are  associated  with  ; 


t 


and  t!ie  element  ::  of  \  ?.'  ]  are  riven  by 


The  terminal  ion  matrix  is;  now  (.riven  by 


'Hie  symmetry  ami  reciprocity  properties-  of  the  combiner 
emit  *  which  were  reflected  in  the  matrix  |  Zl  ,  are  retained  in 
The  nontrivial  solutions  of  Eq.  i’.t  reprer.ent  tin-  modes 
t  i on  for  Ute  combiner  network.  Some  of  t  here  ostcillat  ion  r.ouer 
( odii  moiies; )  will  be  seen  to  provide  no  fundamental  frequency  Hr 
power  at  the  combining  point.  Only  one  oscillation  mode  (even 
r.o.ie )  will  cor.t  rii  tif  e  to  Hi-'  power  oust  put  .  The  conditions-  requi 
to  rut-rrer.'  tie  under  i  red  odd  modes;  of  occ  illat  ion  can  be  net  er 
hy  examining  the  circuit,  ••it.diliotir.  :i::r>  >c>ato-:  will)  point  ionr  * 
1  :•<  ■  '  -re  i  1  1  'it  i  ■  n  ci  >n.i  i  t  i  on  . 

t.  nr  ei  i  r  i  v'-  I  oi  l  lit  i .  c ■ : ■  t  .  ■  ho.  '  ’ .  *  •  ."in  t ■>  ■  ■  •  x •  i it •  i  t . i ■  :  nr  an 

i-1  ceie.-a  !  Hi  :  •  •  I  •  I  •  it, .  ':'  |.  -  ■  i  ; '  •  ■  I  n  •  i  •  I  .  •  1  • :  X  (  1 '  in  I  hi.  n;v  ••  i  I  »  i  * 

v  ■  i  lii'-:-  '  .  Ita  i  •  ’  i-i  •  1 1  I  a  n  I  i  •  i  i-.  ■  ii  i  l  it  1 1  r  i  v  "  1  !  at-'  •  i  ■  *  a  i '  i  ■ : 


—  1 . 


lipuro  i  1  I  u:;  I  mt,i  an  i  rit.i  ■  rpret  at  i  cm  f'>r  a  t  h  ret— d  i  ode  combiner 

of  t  he  conr.truct.  i  ve  ami  destructive  phase  re  I  at.  i ons.h  i  |.  of  the  RF 

current  at  the  comb  i  n  i  up;  point.  Clearly  the  only  desired  mode  for 

-  *■ 

Ill-  t'ower  c'utntit,  in  the  zeroth  mode  which  cor res non dr  to  X  and  X  . 

o  r, 

All  other  moder  produce  no  fundamental  RF  power  out  nut. 

The  combiner  eigenvalues  have  an  important  interpretation 
resulting  from  examination  of  Fq .  f.lt.  X,  is  the  circu!+  imncd- 

K 

ance,1  and  unde;-  the  assumption  t.hat  all  devices,  used  ■■■  the  comb  1 : 
circuit  are  identical,  Kq .  ?.1U  can  be  written  as; 


=  -  r/(i  (,i  i|  ) 


x,  (,i..  ) 

K 


(  ?  .  1  a 


where  1  =  n  =  N.  A  stable  solut  ion  t.o  the  zeroth  mode,  which  is? 
tlie  fundamental  RF  power  nrodueinr  mode,  would  be  required  for  Hi 
power  out  put  , 


-  Z(  „,!)  =  t  (,!(.•} 

d  O 


Foliation  1 1  impl  ies  that  for  the  even  mode  to  he  exited,  a 

impedance  X  at  a  frequency  m  and  RF  current  am. pi  itudo 

have  to  hi’  realized.  Any  solution  of  the  other  rives 

'  k 


N 


I 


0 


0  i  ft1  U  i 


in  Kq.  2.h,  resulting  in  no  RF  power  output.  Therefore,  a  combiner 
desirn,  free  from  odd-mode  instabilities  requires  that  the  circuit  - 
device  interact. ion 


-  i . )  =  x ^ ( .1  in )  ,  k  =  i  to  (r;  -  i )  ( 


be  prevented  from  occurring. 


1 


- 1  i- 

hecnusi  •  of  I  lie  i  nheron  l  nonlinear  nai.utv  •  -!’  the  doviees 

t.ho  poss  i  b  i  1  i  t  y  of  non  i  dent.  i  cal  dev  ices  ,  additional  mode:-  oil. or 

those  mentioned  hero  ■•ire  possible.  However,  results  reported  i 
l  '*  10 

the  literature  ’  ’  have  found  these  modes  to  he  very  unlikely 

because  t.hey  require  highly  unusual  dev  i  ee-e i  rou  i  t.  condition:;  t. 
exist.  Tile  are  o!’  device:;  that  are  nearly  identical  appear  T 
preclude  the  possi  b  i  1  i  tv  of  other  mode;-  from  occur  ri  nr. 1  0 

.’.-i  boss  i  err  TKM  Tr.ntismi  ss  i  on  i  ine  Combiners 

The  general  theory  of  combi  i.i  nr  network:-  tint  •  -rt; ;  1  ■  -y  ft: 
symmetric  circuit.:;  will  now  be  nppiiou  to  1  or:;  loss  c.  mb ;  n  1  nr 
that  utilise  1  Ml 'ATT  devices  in  'i’-.y  line  circuits.  hi  cure 


il lust 

rnt-i*:' 

the*  tv  pi 

ea  1  features,  of  t  h< 

eo;rrb  i  v  i  nr  n< 

net wor 

K  if  1 

e-i- i-: 

illy  an  array  of  ad 

t  i  v 

1  Mi  e.  i  o: ; 

svmmet 

riivil  i, 

i  a  cent  f :  1  "hub"  •  » 

r 

mb  :  i  :  nr  noir 
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\  1  is!;,  merit  !  -n-  •  i  be  i  may  i  .-.a  ry  f-r  k  =  1  t  -  1  ,  ,  sine- 

•ill  t  >•••  1 ,  t-'rrrs  of  tin  circuit  matrix  are  i  it.a  rv  .  "ru  tv 

T-o ; 


in  tin-  ■ 

* *  i :  ■  • ' 
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A  combiner  cii'cuit  design  can  be  realized  by  the  use  of 
.1MPATT  devices  with  dispersionless  sections  of  TKM  transmission 
lines.  The  bandlimited  negative-resistance  nature  of  IMl’ATT  diodes 
may  be  used  with  combining  liner,  of  characteristic  impedance  7,  and 
length  l  to  provide  a  stable  design  with  only  even-mode  operat  ion. 

The  combiner  network  of  Kip;,  P.  3  is  assumed  to  exhibit  the 
symmetry  properties  of  a  circulant,  network;  the  relationship  between 
port  1  and  port  P  is  identical  to  the  relationship  between  port  I 

and  anv  other  device  port.  That,  is,  all  7.  ,  ( for  k  =  ?  to  N )  are 

*  lk 

the  same.  Kurt  hermore ,  all  Z,  ,  (for  k  =  1  t.c  N )  are  also  identical 

kk 

duo  to  symmetry.  Therefor",  the  circuit,  eip.enval  ties  piven  by 


.  _  r.  ^  rr  .Ik(?7i/N)  „  ,ik(?  )  ( 2-n /N ) 

\,  e  +  7  e  +  .  . 

k  ills  n 


( .  .  i  e ) 


become  degenerate  and 


( N-t  ) 


O’. 10  . 


With  all  X,  (k  =  1  to  N  -  1  )  hoi  up.  identical  ,  the  odd-mone  eiren- 

K 

valuer,  reduee  to 


X,  =  ,i 7  tan  65  (P.PG) 

k  o 

t’o  r  k  =  1  to  (N  -  1  )  and  where  P  =  2it/X  is,  the  preparation  coeffi¬ 
cient.  and  8  is  the  lenpth  of  a  transmission  line.  The  eircnvalue 
associated  with  the  even  mode  is  riven  by 

N7,  +  tan  P? 

A  =  Z  - L - - -  (  ,’i  ' 

o  o  Z  +  .iNZ  tan  pi  ’  v 

o  1, 

where  7^  is  the  characteristic  impedance  of  each  comb i n i tip  TK.V. 


1 


1 
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transmission  lint'  amt  '/,  i the  load  i  mpeduneo  at  1  i.o  comb  i  n  \  nr 

:‘>t. r.’i  i  i'll t  forwa  tat  equivalent  c  i  •  n  i  ts  (run  In-  an: a  ic  i  at  <  it  v»i  i  1.1 .  tin 

I'Vcti-  ami  oitit-mndi'  circuit  c  i  pen  val  ues .  t  ta  •jir<-:a nt  s  tin-  ianul 

(  » 

impedance  of  a  section  nf  di  r>  per;-,  ionics:-.  TEM  t.ransirii  sr-  inti  lino  of 
length  t  and  characteristic  impedance  Z^  terminated  in  an  effective 
load  impedance  of  NZ.  (N  =  total  number  of  devices  combine: j . 

U 

odd-mode  eigenvalue,  X  (k  =  1  to  N  -  1),  represents  a  section  of 

K 

TEM  line  terminated  in  a  short  circuit. 

Tile  odd-  and  even-mode  equivalent  circuits  shown  ir.  Kir.  ? . ,, 
specify  the  circuit  conditions  required  to  control  the  particular 
circuit,  interactions.  Clearly  for  a  stable  combiner  desiri.  t he 
odd-mode  equivalent  circuit  situation  nrust,  be  prevented  from 
occurring.  A  combiner  desipn  that  provjfles  odd-mode  si  anil  it;/ 
requires  that  there  be  no  stable  solution  to  tin-  o'rci  1  !ai  ion  c<  t.- 
d  i  t  i on  , 


Z  (jui  1)  +  j"  t.an  tit  =  C,  (2.22) 

d  <: 

for  a  pivert  frequency  w  and  RK  current  amplitude  i.  This  c.  r.s  f  ra  i  r.t 
can  be  met  by  the  use  of  identical  IMF ATI'  devices  having  a  banc- 
limited  negative  resistance.  Solutions  to  Eq .  2.2?  need  only  be 
considered  over  a  limited  band  of  frequencies. 

A  typical  admittance  plane  plot  of  an  IMEATT  device  is  shown 
in  Kip.  f.S.  The  band limited  active  rep ion  is  clearly  evident. 

At  small  sipnal ,  the  diode  becomes  active  near  the  diode  "avalanche" 
frequency,  reaches  a  maximum  negative  conductance ,  and  becomes 
passive  apain  at  some  frequency  determined  by  t . i i < •  devic-  carrier' 
transit  time.  Earp.e-sipnal  contours  and  const  .ant.-fr-  ■quo.vy  c>nt  urr 


J 


ODD  MODE  EQUIVALENT  CIRCUIT 


EVEN  MODE  EQUIVALENT  CIRCUIT 


Kill.  r\)<  OW>_  ANP  KVKK-NOPK  VQMTVAT.KNT  ClKniJTr.  AP^'ViA'i’KP  Vi'i'l 
THK  WOHMA!.  MoDKI’.  1  '!•'  '  1 1,!  A? I '  >N  !-Op  THK  I'Yr'Ti- 


'(>- 


•  <  t  ■  < '  a  I  so  i  iwt  i  cm  lei).  An  i  mport  .'III  1  s.ubt  I  ot  y  of  i' i  g .  i  s  t  h;it  .’it 

li'wrr  frequencies  ;i  passive  device  admittance  at  sma  1  1  -s  i  grin  1  levels 
can  become  active  for  certain  drive  levels  and  frequencies.  This 
point  must  be  kept  in  mind  in  choosing  an  appropriate  combiner  cir¬ 
cuit  (TKM  combining  line  length  and  characteristic  impedance)  to 
avoid  solutions  to  Eq.  2.22. 

Solutions  of  Eq.  2.22  can  be  rewritten  as 


Kd(jw,I)  =  0  (2.23a) 

a  ml 

( Jut , I )  =  -  %o  t.an  (5f  • 

’■'■■r  mu  undesired  device-circuit  interaction  to  occur,  Eq.  2.23b 

must  be  satisfied  wtien  11  ,  ( ,1  -  i  )  =  it  for  a  particular  freduenev  ami 

d 

!<!•'  current  amplitude. 

2ei  Circuit  Constraint.?  fen-  Combiner  Stability 

"lie  combiner  circuit  design  for  only  even-mode  onerat.i  on  is 
more  t'asily  speci  f i «-*d  if  the  negative  diode  impedance  and  the  circuit 
impedance  for  the  odd-mode  equivalent  circuit  :a-e  5 dot. ted  ot.  the  same 
Smith  chart,  as  i  1  1  ust. rated  it.  Eig.  2.o.  in  this  t'igure,  trie 
device  curve  (negative  of  the  diode  impedance)  is  plotted  for  a 
typical  IKPATT  diode  in  the  inverted  reflect. iot.  coefficient  plane 
(impedances,  associated  with  active  devices,  are  plotted  inside  the 
Smith  chart  and  those  impedances  corresponding  to  tussive 
are  niotied  out. side  the  chart).  Examination  of  i  ig.  ;>.»  indicates 
that,  t.he  diode  becomes  active  at  a  frequency  ;.  near  t  he  di 
avalanche  frequency ,  passes  through  a  point  of  maximum  ref  1  e.-t  i  t. 
gaiti,  and  becomes  passive  .again  at  the  frequency  .  The  circuit. 


V  -  u  I '  V  •  •  T.  I'l '! « l'«  - :  <  II  t  s  i  ill  |  >t  ■■  1: 1 1  u-<  vs.  frequency  i  •  I"  I  In'  >  n1»i  — nn  ><  J  i  ■ 
ill ii  i  v.'i  I « -i 1 1  i-  i  i‘i' ii  i  I  (  i  m pi  -da  net  -  i  if  a  :  ln  irl  -i-  j  i'i'U  i  l.i  -il  r.i -c 1  i  i  m  i  S 
d i specs i on  1  ess  TKM  t  ivn  i  :.m  i  : :  f.  i  i  >11  lint-).  In  nnli'i'  Cor  the  o  -!’i  1  •  i  r.or 
to  provide  oitit-moilo  stability  over  the  active  baridw  i  <1 1  t !  of  tr-.c 
1  Ml ‘ATT  device,  a  circuit  design  must  be  selected  such  that  r,o 
intersection  will  occur  between  the  circuit  curve  and  the  device 
curve  (snail-  and  1  arpe-s.ifnal  )  at  a  fiven  frequency  and  Hi-  ampli¬ 
tude.  While  the  device  is  act  ive  this  graphical  cons*  rain1  ha; 
i  nt  erpretat  i  on  of  avoidirif  t.ho  oscillation  condition  of  rq.  .  .. 

Ttie  choice  of  c  ircuit  that  provides  eombiner  odd-node 
stability  is.  constrained  by 


X.(ui  )  =  11  tan  pc 

d  c  o 


X,(«>  )  =  7.  tan  Bf 

d  m  o 


(f.flia) 


i  :M:;‘h 


where  X  ( <»>  1  is.  the  reactive  portion  of  the  diode  impedance  when  the 
real  part  of  the  diode  impedance  !<  ( )  is-  identically  r.eroj  ano. 

7  and  <1  are  the  charnel  er  i  st  i  impedance  and  line  lenfth  of  ;  he 
lossless  TKM  ci'tr.bininf  t  rans.m  i  ss- i  im  line,  respectively.  f  is,  the 
wave  propaqa t i on  constant. 

The  requirement,  for  combiner  stability,  indicated  by  Kq . 
p.fl.,  can  best  be  presented  if  an  fit's  are  associated  with  i:m  ec.anco 
on  tile  ‘eriit.ii  eh. art  of  Kif.  Kor  odd-mode  s*  aid  1  i » y  ,  the  cir¬ 
cuit  appears  as  a  short.-ci  rcui  tod  lenfth  of  TKM  ‘  rnnsm  i  s  s  i  .  1  r.i  • . 

On  a  t'-rritl.  chart  ,  tin's,  t.ranslat  es.  to  an  imp'  sane.  vs.  -qui-nov 

cent  our  wiiicli  befins  at,  7.  =  0  and  proceeds  a  lot  if  ‘in-  n  *  . '  I  >  i  < 

p.rimeter  .  -f  t  tie  fmith  chart,  in  a  clockwise  fasii  i  <  re  t  > . . 


mi, "'ll-  o  t‘  tin-  circuit  normal  i  r.od  i  ttipoda  nr.  •  *'(>.■  'I  =  . 'I'f  i  r  f.  •  ft  •  r  i 
ru-  indicatod  in  K  i(».  ;’.o.  Utah  i  1  i  t  y  ,  t  here t’<  'tv  ,  can  be  actiicveo 
under  the  condition!'. 


0(io  )  =  atv  (-  X  ) 

c  e  ' 


d(.c  )  =  my  (-  a  ) 

m  tii 


wlicre  X  and  X  arc  the  normal  i  red  diode  fKict.aie-T  at  (.'  and 

c  tn  c  n, 

re:' i'ee  t  i  ve  t  v  ,  under  the  eondit  ion  that  i<  ,(>.•)  =  0;  and  thev  are 

'  a 

<ie!’ i  nod  an 


X  =  X  («■'  ) 

C  U  e 


X  ( (0  ) 

il  C 


X  =  X  ,(.4  )  = 


The  t  e  rnr  a  rr  !  -  X  ( } 


■  |  aria  nr," 


•  rr  i. ,  run-'t.'  ar  •'  •  v< 


at,  "  t ! 1 1  ■  t  * .  • : 1 1  *  i  a  t  e  >•.  <’•  •  ••<  -tv.  !  . .  !  I,-  •  atn’!.  '•( 


in  .(: 


f>  -i  j  1 1  :  With  tin-  :  r>  ; 


rt  at  i  !  it  v  n 


h(a  )  =  i '  il  +  .  t  ati 

it: 


where  tar.  i  r  riven  S  >  v  it.-  •  rinoinle  vaiue  wn  ic 


or  four)  it  quaurant.  ''ti.er  r  d  tit.  i  ■  at:',  to  .  q. 
However,  t  i.or.o  :•••  In'  inns*.  r.-aui  re  longer  7  KM  t 

which  in  re'il  it  v  tiro  oft  et.  i  r:  rac  t  i  e.a  I  . 


disnersionless  lines  are  assumed  and  0(o>  )  =  ofl(u  ).  Eouations 

m  e 

F.31  and  P.3 f  provide  the  criteria  for  oho-sinp  t'ne  combiner 

circuit..  For  a  device  with  a  ppiven  «  and  o,  the  equality  in  Eq. 

2.  32  can  be  used  to  find  a  maximum  value  of  X  from  which  a  value 

m 


cl'  n.  •  i'rn*i  I  i  sa  I  i  ■  -r i  i »■  f >•  ••  •  .  r  charnel  i ;  i  i  c  i in i h  ■ . i i aci  ■ 

=  i  ,(i„  )  !/'  X  ,  ( rn  )1  '"ii,  In-  -ii-l.i-rni  i  m-d .  i  in !  \  \ 

ii  a  in  it  iii 

]-'H  .  t  li'-ii  lii-t  i -rrn  i  ties  t  tn-  mii^'Ii-  0  ( !.  )  =  )t  1'f 

appropriate  Tl-M  comb i n i nr  1  i m-  ii'iu't.li  ?  is  r-  unu . 
considerable  t’l  ox  i  bi  I  i  t.v  in  combiner  i-i  pen  it  -n-sit-'t.  -hi. 
v  i  1  h  devices  h.av  i  no  u  lw  <  n- -eause  ui-uitj  ly  lar 

JT  <  * 

rtiruvin  provided  by  such  devices. 

s .  S  :-lv < -t i —c.v ><.i * ■  ;  es.  i  yn  c ans  l  sit4  ■■■ns 

The  const  r.'t  i  nt  ;■  ii'i-'iiii'-i  in  tin-  Ti-IM  c  rs  i  >  i  n  i  nr 
charaet  eristic  impedance  si  -  vi  4'v  a  dcsir;:  :  r< -v  i -: !  r.r  -  u 
stabi 1  i  t.v  .  It-  i;t  useful  ,  however,  tc  oi  -r.ri  -icr  4  I 

oven-mode  oscillator  or  ampl  i  t'ior.  The  cf-mb  i  tr-r  cirrui* 
jde.at.  io.’il  devices-  :>  r.ranred  ■  s.  ,-i  rn  b ;  a  1  -syturi.et  r  i  r  ,-i  -r ,  •'  ■  y 
a  central  conbir.  inr  mint  .  Ti,  view  c 1  Ms  fact  ,  --aci.  <; 
5  <•.  presented  at  ilic  combining  point.  th vouch  a  1  •  •  r . •  * t  h  oi’ 
mission  line.  I'Vi  i  r  rs-tat  t-u  impedance  at  pears  in  pava'iU 
K  -  other  identical  d  ione  impedance.4 ,  wh :  r.-ave  ais 

tl.rnurh.  similar  Ti-IM  comb  it: :  nr4  liner.  :ra-:;c-;;  ■  t.sii-:-: 

he  rivet:  to  obt  aininr  ••  rear-  >nnbl  o  4  ot  a impedance  vnlut 
-inn  i  n  i  r.r  r--in‘...  Vi  -rt-over,  a  der-  i  rai  1  e  situai  i  ■  i.  v  4ul  :  V 
at,  Impedance  t  nat.  is  real  ( reactance  equal  :  4/.oro )  at  * 
frequency  and  shill  fall  wiii-.ii,  the  ndd-mo.'.e  rt  ability  c 
Tlir-  nature  if  IMP/iTT  impedances  and  It  it-  Ti-lM  1  i  i.e  lei.r*:.: 
for  o-td-rr.odf  rtabil  ily  can  oft.en  allow  “in-  real  I  mpedai.i 
to  v>e  achieved  makinp  t.’ne  real  i  sat.  i  on  ,  ■  ...  j  ;  q  ,  n  • ; 

st  r-a  i  r'nt.f orward . 


-,'C- 


,"lie  I -Vi  -U-KI.  ><  i  ■  f.|iii  v-'ll  I'lil  circuit  was  shewn  i  ri  "ip.  2. an  and 
r.  •('  t  fi'  ts  I  In-  [  •  i‘>  '('!•»•(  i  i  • :  i)I'  :iii  i  in  ( •«  'i  jrii  n* .  ■  t  run : .  fiiMr.  ■  f<  n  • , 

to  achieve  civil  i  s  t  ic  load  i  ni|>i  ■<  I  rtrii at.  the  c<  irnti  i  n  i  nr  point, 
oo  ns  i  ilcrut  i  on  must,  bo  piven  to  the  number  of  devices  beirip  combined 
(aside  from  physical  congestion  limitations).  it  is  desirable  to 
have  the  optimum  power  impedance  noint  rotate  throuph  the  TKM 
combininp  line  to  a  real  value,  facilitating  the  de-sipn  of  fne 
combiner  as  an  amplifier  or  oscillator. 

The  choice  of  comb ini  tip  line  lenpth  5  and  character i s t  1  c 

impedance  ”  to  pive  a  real  axis  mappinp  and  still  provide  ■  da- 

mode  stability  cat;  often  be  achieved  for  devices:  with  /<>>  -  2. 

m  c 

At  i  sample  will  be  s  resent  cd  to  illustrate  trie  technique.  iirure 
2.7  shows  the  i  mpedatice  character:  r.t  ics  of  at  X-bar.d  IMi'ATT  sevice 
ex  pc  r  i  mental  1  y  determ  ineu  .  1  u  .'he  diode  war  biased  at,  a  current  of 
1  ‘.ft  mA  with  a  volt  ape  of  a:  nrox  irnat e'y  (•<:•  V.  Tht  opt  imut;  power 
normalised  impedance  occurs  at  frequency  .  =  ?. f  liir  and  is  rive:. 


do 


-  2X 


io 


0.02  + 


In  order  to  rotate  -  Z.  to  a  real  axis  value  (with  a  normal 

do 

impedance  greater  than  unity)  at  the  combininp  joint,  -  T,  r. 

man  throuph  ati  anple  0  =  ?b(u>  )l  =  U.OlU  rad.  This  anp'.i 

o  o 

corresponds  to  a  TEM  line  lenpth  equivalent,  to  f  =  .  ■  as 

read  from  the  Smith  chart,  where  \  is  the  vavelet.pt  t.  a-  ..  : 

o 

oj  •  Tile  question  tliat  must,  now  be  considered  is  i  f  *:.is  tar*'.  - 
o 

cul.tr  value  of  TEM  line  lenpth  satisfies  the  stability  r.s'rain 
of  Eq.  2.28a.  This  may  be  checked  praphical  l.v  by  ur  ine 


_'\S- 


r 

\  =  ~x  ,  (;\3M 

O  I  l1 

which  iissume:;  d i spersionl ess  line:;.  The  TKM  comb  i  iiini’  line  leapt:. 

can  now  he  expressed  as  f.  =  O.P?h  A  ,  where  f  =  (>.7  ii!;z  has  o*'en 

assumed.  The  anpl  e  0  =  23  (u>  )?  =  2.8h  rad  and  referenced  as  show;. 

c  o 

clearly  satisfies  Eq.  ?.?8a  for  odd-mode  stability.  In  this  exam; 
a  normal  ization  impedance  of  Z  -  35  was  chosen.  The  larpe  stabi 
marpin  supplied  by  this  IMPATT  device  provides  both  odd-mode 
stability  and  a  real  axis  map  for  the  optimum  power  impedance. 
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fllAI'IW  IN 

PKVK’K  PHAHAfTKHJ'/.ATlON  AND  COMIUNKH  KKAI.  I  NATION 

The  select.  inn  of  IMrATT  devices  with  appropriate  negative- 
resistance  character i at j es  is  paramount,  for  the-  realization  of  -a 
stable  lossless  TKK  1  ine  comb  i  nor .  Candidate  diodes  must  exhibit 
certain  measured  characteristics:  (1)  the  devices,  must  have  a 
limited  phase  variation  "ver  their  active  nun-iwid thr ,  otherwise 
(Hiu-mode  combiner  ins  tab  1 1  it.ios  can  result.;  (p)  the  devices  must 
have  suitable  impedance  levels  wit.ii  respect  to  the  embedoitu*  cir¬ 
cuit,  which  insures  adequate’  reflection  rain  for  diode  measure¬ 
ment;  and  (1)  the  devices  must  be  nearly  identical  in  their  active 
region . 

The  device  characteristics,  as  measured,  depend  largely  on 
the  test,  circuit,  in  which  the  diode  is  measured.  Therefore,  a 
device  may  require’  tontine  in  various  circuits  to  determine1  the 
most,  desirable  circuit  to  transform  the  device  properties.  In 
this  i  nvesti  rat  i  on  candidate  TMI'A'i";  devices  wore  characterized  in 
various  mierostrin  test  fixtures  to  satisfy  the  required  measures 
characteristics  mentioned  above.  In  this  way  not  only  were  suit¬ 
able  combiner  devices  selected,  but  the  combiner  circuit  charac¬ 
teristics  were  established. 

In  this  chapter  the  various  t  »>rt  o  1  r  ■  .  1 1  s  urea  i  <  select 
appropriate  devices  and  determine  a  suit. an,,  cor  bi  tier  ■*ir.,ui'.  as- 
presented  .  The  measurement  of  device  .•tiara."  .  r'  sties,  !  t.c  .  u-:i  n»* 
the  measurement  tort  set.  arid  charnel  er  i  r.a*  I  :  !••  cc  oif  is 
discussed  and  t  he  results  present  ••  t . 
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The  devices  n  v:i  i  I  :i  1)1  e  f(  l‘  use  in  t  h  i  study  wen-  ,'i  5  ■  >  nil  1  <  •  — 

drift  IMI'ATT  diodes  manu far  fused  by  Hew  I  el  I -In.-K-ini .  1  1  original  i 
des.i  gned  as.  pulsed  power  rinunv:1,  at  X-band  ;md  Ku-band,  these 
packaged  devices  were  operated  in  a  CW  mod  e  at.  lower  current  ;  rv«- 
in  thin  investigation.  The  goal  here  was  not  * ,.  obtain  high  n-  v*- 
levels  but  to  demonstrate  the  combining  technique.  A  summary 
typical  diode  parameters  of  the  devices  used  in  this  study  is  civ 
in  Appendix  C. 

3.1  basic  experiment  Test  Set  and  Measurement  Technique 

A  semi -automated  microwave  measurement  system  shown  in  rig 
't.l  war  used  t.o  measure  and  process  impedance  data  obtained  from 
various  devices  and  networks  in  order  to  determine  and  real  i  r.e  a 
suitable  combiner  design.  The  measurement  rys* om  is  comprised  - 
a  microwave  network  analyser,  a  synthesized  signal  generator,  and 
a  reflection  test  box,  all  of  which  are  interconnected  through  a 
system  multiprogrammer  interface  and  interface  computer  bus  (Hi-! 
A  Hewlett-Packard  9825-A  desktop  computer,  with  its  support  soft¬ 
ware,  functioned  as  the  measurement  system  controller  providing 
communication  and  data  transfer  from  the  measurement  hardware  to 
the  computer  memory  and  to  out. put.  peripherals.  This  system  is 
designed  to  provide  a  fast  and  accurate  method  to  collect,  process 
and  present  measured  impedance  data  from  a  device/network  under 
test. 

An  extensive  collection  of  measurement.  >  f  t.wa  r<*  previous  l.v 
written  in  H F  (Hewlett-Packard  language)  lias  been  bevel,  p*  .j  for 
t.iiic  measurement  system  for  control  of  the  various,  hardware 


i*i  >tli|»  'Ill'll  I  s  .  In  mill  i  I  ion,  till-  :  •  ■  I'  I  wa  re  I  >  fi  ■  v  i  <  i  <  • ;  I  lie  n<  Vi  -sss  i  ry 
ci.'itn  I'd  >ces.s i  ii;'  l.o  c..rrect  errors  in  (In-  im  a u  ri  •<  f  data  t  1 1 1 ; .  <  •  <  i  by  an 
i  mprr  !’■  t  test  set  .  f>ric'<-  ‘i  m<  •.■i:  Min  Trion  t  in  c<  mil  •  I  eted  and  I  lir  data 
corri'ii.i'ii,  various,  output,  format.:'  can  tie  sel  eoted  In  present,  t.tic 
resul  tit.  Typically,  and  the  method  most  frequently  used  in  this 
study,  Smitti  chart  plots  of  normalized  impedance  vs.  frequency  of 
active  dev  ice /networks  are  used. 

The  complete  measurement  system  of  Kip.  3.1  is  almost  totally 
automated.  The  operator  is  required  to  .initialize  frequency  limits 
and  stepr.i '.’.e ,  and  to  manually  change  standard  load  terminations 
durinp  a  system  calibration  procedure.  Die  system  then  responds 
by  makinp  calibrated,  swept  frequency  measurements  of  the  reflection 
coefficients  for  a  device  under  test .  The  system  software  uses 
the  standard  one-port  reflection  measurement  error  model  shown  iri 
Kip.  3.?  in  calibrating  the  test.  set.  and  provides  error  correct, eu 
data.  An  abbreviated  flowchart  of  the  one-port,  measurement  and 
calibration  procedure  is.  shown  in  Kip.  3.3.  The  operation  and 
hardware  integration  of  the  semi -automated  microwave  measurement, 
system  are  well  known  and  documented  in  the  references.1  ’  17  ‘id . < • 
reader  is.  referred  to  those  references  for  a  more  in-depth  discuss;,, 
of  the  system  and  its  limitations. 

3.1.1  Measurement.  Reference  Plane.  The  error-correct  . •< i 
reflection  coefficient  data  obtained  from  the  -ley  i  ce/net  wi  rk  .trier 
test  is  usually  referenced  to  a  spec  i  Tied  measurement  j  an*  T 
measurement.  1.  .-.et .  This  reference  plane  j :  initially  esf  ai  :  i . 
at  the  te:  t  i.nrt  of  the  re  flee*  ion  test  box  a:  1  is:  ; >,  ip. 

3.1*.  Tlie  impedance  measured  at.  this  plane ,  ^ ,  is  it.  .ra.  • 


tlio  desired  impedance  of  the  dev  ice/network  uricier  test  since  it 
is  rotated  through  a  section  of  transmission  line  ( character i st i e 
impedance  Z  ^  and  length  t  )  connecting;  the  measurement,  port  with  tie- 
comt'iner  output  port..  The  more  useful  impedance  V,  must  be  deter- 
mined  by  either  physically  add  i  rift  line  I  erip.th  to  the  measurement 
port  (  i  .e.  ,  I  ine  stret  eht  in  tin'  reflect  ion  test  box)  or  by 
mathematically  "rolling  down"  the  reference  plane  usitu*  the 
express,  ion 

Z  -  ,i  Z  tat;  Bi 
,,  _  _m _ o  _ 

d  "o  Z  -  ,1Z  t.an  ’ 

fl  III 

which  rotat.es-  1.  to  Z  ,  as  shown  in  i'ip.  -i.-'..  it.  this  invest  isa;  i  . 
m  d 

the  mat-hemat  ical  approach  was  us.ed.  henpt  h  .  of  •  .  t ;  t ; « ■ .  - :  i :  i 
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itnpedanci'  point,  on  the  Zmith  ebart  a.  si  w.  . 
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line  !  ettr  t.h  .  This  est  al> !  ;  sics  ’  ‘  : 

dev  i  Ce/riet  work  t  err.  i  ti.a  ;  s  . 

,  1  .  , '  N't.-  t .  .  at';*1  — .  0‘  *  ■.  .  -a  -  .  .  -  - . 
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met.-r.  A: i  ava  1  bai  '  •  :  w.  -  •  -  .-yr.t  hes  i 

s i rna 1  renera  t .  .>•  ; .  ;  •  licit.  ;  ;■  :  .  f;  wa-. 


"r.-.juei.oy 


a  >n t  r.  >  I  of 


•111! 


SYNTHESIZER 
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peak  ::m  1  i ~r.  i  f'tia  1  rain  ill  ,  it'.  S  .  >'<  war.  ;  u«*'  •r|>«  .rated  i  lit...  t  i  i . 
modi  fii-il  micros; rip  circuit.  board  shown  it:  i''it'.  -’.10. 


The  circuit  board 


i.".  3.  !  0  ii  i  iTcr;:  from  t  he  prev I •  ft 


mi  c  for.  t.  rip  test,  circuit  tty  t,i:c  inclu;  i  on  of  a  section  of  IK- 
t.ranr.iiii  s*s  ion  1  ine  which  improve:;  t  he  mat  eh  i  :.r  u!1  t.h<*  uO-l 
t.<>  (lie  device'.  fie  at.t  empt.  war  made  t-  ■  o|  t  i  m  i  r.e  tie  j ..  ca'  i  v*  .  i.r 

level  or  bandw  i  ii  t  h .  Only  a  .suitable  active  device  ret'  J  or:  war  of 
concern.  As  d**s;ori  bed  i  ri  t.hc>  measurement  tort  set  si-ciion  of  this 
report,  i  rnpefiance  data  is.  referenced  to  a  prescribes  plane  on  tt.c 
tes.t.  circuit..  Tile  posit  ion  of  such  a  reference  i  .cat. i  s.  ie  erf  at  - 


lished  usir.r  a  short  circuit  at.  tin*  plate 


r.'  e.-e.-t  .  in  tre-  c.ar.e 


of  t:.!ie  circui*  hoard  of  Kir.  3 .10,  a  ‘«0-T  sect  i m  if  micro-trip  line 
identical  iri  i  enrtb  to  that  of  ••  ir.  '-'..loa  war  furriest  e  :  atni  e:,ov;,.;; 


war  tttet. 


ont  o  a  rimilar  t  est,  fixture.  Ti.e  ei.d  of  this  '>o- 
bonded  to  t.l,e  .-old-plat  ed  assembly  fix*  are  u  s 
wire.  Tit  i  r.  es tab! i shed  a  rear-'  .naMe  :;!/  rt  circuit 


plane'.  This  technique  works  w<  1 1  with,  lines  iha*  are  >:f  t.i.e  ra::.<- 
widf.ii.  Abrupt,  changer  in  the  character! Sc  impedance  ::  i  cr  '  ri ; 
liner  introduce  s  i  ni  i  f  i  can  t  capacitive  discontinuities  So  prev  ■:  •.  rs 
a  procedure  from  bei nr  used.  tor  this  reason.  Use  measured  imteuanc 
data  was  reft  fenced  to  the  terminals  of  the  impedance  t  ran rf  -rn.er 
and  not,  the  iMT’ATT  device.  A  combiner  dor.  i  rn  ir  neveri  holers  rt  ill 
possible  at  this  reference  plane. 

l'  i;'ure  3.11  il  lust.ai  er  the  measured  r<  f i . .r.  •  ic 
data  of  a  typical  combiner  device  as  measure  1  in  '  i.e  •••  .  'ri:  ••  rt 
circuit,  of  Kir.  -.10.  The  dal. a  is  plotted  -,r  -i  -'use'  i  ■  f  -c 
for  different  b  5  as,  cur  rent:;.  The  impedance  t  rar;r  form  ii.r  tut  w  :v;  ’.nr 


'll',.  ■■{.11  RIm-’I  .Ki’TI  ON  COi-’i-!-1 1  C  I  IvN'I’  MA  IN  ’I'l"  !■ 
It;  NhMMSTRI  ■'  'F'Ki'T  CIRCl' !  T 


A  i"  i-  V  !  0  !■’  MKAr:  !!■:!• 


1 1  ft  1 V  i 

»!»  -tj  mu  i  riipr 

1  ‘  V  *  :  " 

‘  1  t  i '  l  . 

...  *  • , *  - 

i*i  • 

U  1  t 

;  in  pi 

Kill 

■ 

1  >  ■ 

if.- 

I  Ml  Ah 

"f  impedance 

u  i 

s  t  h 

•  T  i 

:  **•  -v  :  *«i  : 

■  i  s.  1 1  i  t  • :  i 

tile 

le 

v« 

■  i  t  • 

f  V 

«  'M 

. .  u  r  *  i 

reHe 

■c  t  inn  r  a  i  t: . 

r,  •  :  M 

t  I  e,., 

pt 

was.  mam' 

to  further 

Of 

t,  i  rn  : 

i  •  1 

:.e 

i::.:..- 

match 

s.  i  nee  t  he 

Cl  vi 1  w 

m:'  l 

(  1  '  L 

ctiicVe  imeedarice 

le 

vel 

r 

suitai 

1  ’  .  • 

combiner  desicn. 

Hich 

1  1  -VI '  1  S- 

of  refl  e, 

['  t  i  /  in  r 

•  i  i  l  \ 

we 

r»: 

*  rjo 

1.  r 

•e.I 

u j  r«  ■  : 

A  pi ot.  of 

the  n 

■  ■rat 

i  ve 

<it  •  v  i  (u  •  i: 

:nj  •<  'da.nc 

<  •  a 

:  rn 

il ;ur 

ei 

at 

•  he 

re  fer 

•ence  plane 

stiown 

i  n 

'  '• 

■i.’.Ob  are 

ij  norma 

i :  s. 

1  i 

e 

1 

i  i .  n 

t,  rat.e 

d  on  t.he  Kn. 

i  t  ii  ch 

art 

of 

I*' i r .  U  If 

.  "he 

imp 

.:»<■ 

as 

M j  ■ 

site: 

w  i  t.li 

the  ac  five 

devi  ei1 

are 

rna 

I'po.j  iniii- 

ue  trie 

i  ‘  1 ;  M 

rt  . 

"U  .  ,  . 

via 

JO- 

s.h  w 

is-  for  current,  h 

iar  U- 

Vt‘1  S 

of 

iOO  and 

i  i'li  mA. 

;  - 1. 

oi 

.rh 

*  re 

i  r  a 

larre 

amount  >f 

pha;*.<  • 

var  i 

•it. ; 

on  over  t. 

fit*  >  i « *  V  i 

i  •  t  • 

Met 

j  \ 

arc 

;w  i 

.it  , 

t  lie  re 

i !'  enough 

si  a h  i  1  It  y 

n:.*ir 

>riri  for  a 

stab  1 1  ■ 

T':t  *  i 

re 

•r  vi 

esi 

C!. 

•  o 

these 

characioM’i 

s.tics  , 

the 

c  \ 

rcuit  i  trip. 

fiance 

r- 

'ill 

ci  - 

■mod 

<  1  il 

;ta 

i.il  it 

must 

lie  inside 

t.he  diode 

i  v'.v 

odaruv'  1  o< 

:*u:-  ar 

she  ■ 

wri . 

Ti.  i 

i "  e 

an 

DC 

ac  h  i  e 

vd  with  a 

short 

lets- 

t  h 

of  1 

ino  fro. 

t* ,  + 

•\e 

cc 

Tnh  \ 

Mi  V 

•  f 

poi  r  .t 

itne  drawh 

ark  of 

t  tie 

1  e 

r.t  o  i  r('u:i 

t  ]  :  t  h 

•:  1. 

i  ' 

't 

■er 

:  '1 

un;  1  y 

b  ]  a  s 

t.o  tile  rMVA 

TT  dev 

i  ce . 

The  final 

foiTiti  i  rr  * 

r  j 

r.t 

.  w  i 

u 

re 

qui  re 

h  i  as 

e  i  rcuit, s  fo 

r  »-*n.v'V. 

dev 

i  c  *  ’ 

as  a  hi  a 

L'  t  CM  *  O 

arm 

.j1. 

tH 

•  ur. 

eii . 

biasirir  circuit. 

on  t.he 

f  i  xt  ur 

e  ass.embl ,v  must 

io 

i  r;e 

1  UCH*(i 

hi: 

» r, , 

re 

urine  t.he  test,  circuit  to  select  the  most  identical  i  Ml 'AIT  .lev ices. 
As  indicated  in  Kir.  1.1  1,  diodes.  PI,  PP  and  M-  appear  very  similar 
and  t.wo  were  select. ed  fi  r  use  iri  the  combiner. 

A  tt.  i  crop.  t.  r  i  i'  lest,  ei  rcuit  with  a  bias  circuit  i  ucornera  t.  <  i 
on*  the  t*i  xture  as.s.embly  was.  developed  'inn  is  sim  wn  in  .  is.  ■' 

".lie  bins  circuit  eotts  hits  of  a  1  earth  t*f  0.  o01  in  :  amet.i-r  r- )  1  i 
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bonded  to  jim  effect  chin  cat  vie ;  •  •  r  w:  ice  •  >.•  - 

:t  lie  fei'il  throu.-di  ;  >-■  vi-tir::’  ‘.be  t  ■  ■  ■  ; . .  i  >•••.: 

Ati  i  t  i>  trial  ■  >ftV.«d  •  •  i  j  >  ■  i  <  -  i  * .  ■  r  •  is  i  i  >.  ;•>■•••’  .  t<e*  v 

IMlWiY  tievice  arid  !<!•'  eonnect  or  for  isolat  ior:  of  the  meant: 
pert..  Such  hi?u;  circuits  have  been  very  useful  for  t.he  MIC 
devel  oped  in  this  investigation,  p  v* -v  i  u  i  i;r  10  to  i.O  db  of  is 
There  is  flexibility  in  the  choice  of  offset  capacitances, 
rule  of  thumb  followed  in  this  study  is  to  provide  a  low  rea 
value  for  the  series  isolation  caracltanct'  (at  operat.inp  cer: 
frequency )  as  well  as  the  by-pass  capacitance  forming  the  1.C 
comb  i  rn  t.  i  on  on  the  bias  port..  A  resonant  l/'-comi'  i  nation  In 
circuit  at  the  subhanm  'hie  frequency  is.  tiei  d«  •:  '  el  i  t::  i :.u  t  e 
•-'t—  of  instabil  i  1  y  .  If  no  subharmon  i  c  :  r  t*  ’  are  evident 
suitable  choice  of  |>y-j  as  it  capacitances  cat  ve  t  !te  itr.pt 

*  saus  format  i  on  of  a  device  in  the  test,  circuit.  '.cure 
t  !:••  test,  fixture  circuit  hoard  and  its  elect  ricai  equivalent 
i  i  .cent,  by-pass,  capacitors  were  used  t.o  net  eft:  i  :,e  t  he  most 
s  .  i  ♦  able  value  for  the  bias  circuit.  In.  titer  •'••at  tire  of  tic 
n’e  is.  t.h- •  ease  by  which  a  device  can  t  e  ey.rhnnro  : .  iac 
■l"  djode  is  soldered  into  metal  cylinders  which  are  i.eii: 
is  t|e  fixture  assembly  by  machine  screws.  The  •  a  t  i  r«*  asset: 
r:  uti  of  different  sections  to  aecotrm.oda  t  e  any  ".  di float  i. 

rt  i  fed  in  device  or  bias  networks. 

••  t  ,-uro  ,  1 1  i  '  1  us.  t  rat  es  a  t  v:  |eal  ;a-:  •  •*  <  <t  i 
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of  in  i.  '•  'ii  wore  obtaineu  hi.  approximately  U  .  h  (IH*.' 

mv'fil  i  vo  impedance  dat-a  n  r:  <  »•  i  a  t.<  i  with  r  ir.  •!.  1 1.  if  ;:h 
!  if.  •; .  I  V  norma  1  i  '.■.oil  to  hi)  \i.  drily  minor1  •  i  I  t  ‘ 1  '■  r1.  -r  r  >  •  <  ■ : '  i 
bniiiiw  i  d  t  h  MMit  reflection  rain  nr1''  npnarerit  wln-ti  the  bin 
i  f  present . 

hared  on  t  he  measured  results  of  :h'Vi ■rill  ie-vires 
a  two-diode  miorostrip  combiner  wn  ;•  developed.  'r.'ii.n  re 
i‘‘i  p.  '.Vj',  t.wo-ii  i  odes  can  provide  a  stable  tMinbih' 
a  Ion, -’tii  of  Vino  t.o  place  the  circuit  curve  ir,  *i..-  pass 
the  diode  curve  over  the  active  bandwidth.  The  circuit 
arc  (for  odd-mode  stability) 

|X  fTh7)'!  =  o.s 


Thor.*  C'-ndii  ions  prevent  t.’ne  novice-c'  rcuit,  interact- 1  or. 
to  oijil-roo.lo  instabilities. 

Vie  cornt  i  t  ions  spec  i  f  i  eu  by  For.  arid  •  can 

by  a  1  enrt.ii  of  t.ransmi  scion  line  in  nod  it  i  •  -r:  to  the  ,  A— 
r.  i  or  i  ''led  earlier  in  ’■•’ir.  l.S  or  an  arc  re  r  at  e  in::.:  ed 
»•’.  .•merit  .  fineo  the  final  combiner  desirn  is  n  p  nr.nr  r.  1 
structure,  connection  of  the  combit. inr  n.-rt  in  encily  no 
suitably  chosen  inductive  hone  wires-. 

A  1  eru't  'n  i.f  polii  tioiiii:  nr  wire  can  t.  •<  r.r  i-a-r**  : 
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ol  value. 


i  nduet.ance 


where  d 
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1  ir-: 


where  o  i  *  the  diame'er  of  in  i:.i  i  hr  wire  in  it, t i 
of  bonding  wire  in  inches,  J*  t.*i  h  i  r  the  !  ibiii-m.:  j  nu  t  ance  .-a ,  ,i» 
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3.10  ILLUSTRATION  OF  MICROSTRIP  COMKINER  TKST 
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The  miorosfrip  i*  i  r'i  ■  u  I  t  board  ci  m  l.:i  i  ri  s  '  i  t  •  -  <a  .tr:l  >  i  n  i  nr  i  i  r :  •  - . 
jirov  i  <1  i  ii('  the  appropriate  term  i  tint,  i  oris  to  Uir  individual  iMIATl 
device::.  The  tu.vi.rd  consists  of  0.0 PS  in  thick  alumina  with  a  0 . ( ' 'i( > 
in  diameter  holed  placed  in  its  center.  An  ultrasonic  impact  aril', 
was  required  to  drill  the  hole  in.  the  alumina  L-  >a  rd .  A  runinpeu  .  r. 
opposite  sides  of  the  center  hole,  two  Tow- impedance  se.-t  j ot.s  or' 
microstrip  lines  function  as  combining  lines  connecting  the  dev 
to  common  points  for  RK  power  output.  Moreover,  these  micron  rip 
sections,  function  as.  impedance  transformers,  providing  an  improve-: 
impedance  mat.cli  between  the  !>0— s,i  impedance  at  the  combiner  port, 
and  the  low  impedance  of  the  packaged  I  MI ’ATT  devices.  The  d'-s  isn 
of  these  combining  lines  is  identical  to  t.hat.  used  on  the  sinrle- 
doviee  microstrip  test  circuits  described  earlier.  The  circuit  was 
dtipl  icat.ed  on  t.he  two-diode  combiner  circuit  as  shown  in  Kin'-  ’■'•v’b 


and  l.,?l. 

The  combiner  design  utilizes  two  independent,  bias  sources, 
t  o  supply  current-controlled  bias  to  each  IMTATT  device.  The  use 
independent,  stippl  ies  circumvents  potent,  ia  1  problems  of  thermal 
runaway  and  current  steal  inf*  that,  can  occur  by  as  i  nr  a  stride  pc  w,  r 
supply.  However,  t  he  two-supply  der.if.n  requires  de  is  >lat  I e*i.  be'we, 
t.he  two  devices.  Thin  requirement  is  handled,  by  ‘no  i  neorporat  1  a, 
of  two  bias  port  circuits  on  the  combiner  t.est  fixture.  Mach  C 
the  bias  circuits  include  t.he  same  RK  chokes  at.-i  t.v-iass  offset 
capacitor:;  as.  were  used  on  the  earlier  n.ier  stri:  •  •  s’  •• :  rc.t :  *  s  . 

The  bias  circuits  isolate  each  device  fr  de  and  ;  rovid--  a  i:.<  a-.s 
of  offensively  supplying  dc  current  i.< .  each  vie.  i  •  •  id  v.  1  t.r 


HK.  Ceramic  "feed  l.hrourhs"  facilitate  t  ),<  •  a:  :  ;  !  •  :  bias 
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to  t  )i  i test  fixture,  and  provide  an  ext  ra  measure  of  strength 
t.o  . . .  in-  as  s.emb  I y  . 

Ttie  ri  iml'iner  ■  ■■  >ml> in i  up  port.  is;  realized  nt,  the  planar 
1  opol  i v'y  of  mi  c*ros;t.ri|<  by  t  he  use  of  a  pi atinr-l  o-eouxi :t  1  >  rat,;- 
A  small  hole  drilled  in  the  alumina  microstri  p  iioard  provides  a 
via  for  the  renter  conductor  of  a  coaxial  transmission  line  to 
protrude  through  the  microstrip  planar  surface  forming:  a  pos'd  . 
Silver  contact  epoxy  is  then  used  to  anchor  the  midpoint  of  a 
length  of  0.0007  in  diameter  fold  bond  wire  onto  this  port, 
other  two  ends  of  this  wire  are  therraocompr or s ion  bonded  to  Vr. 
ends;  of  each  microstrip  combining  line.  Kifure  3. PI  i  11  u:;t. rat 
t.he  top  view  of  the  microstrip  board  which  clearly  shows;  the 
transition  required  to  realize  the  common  combining  point,  (a 
summary  of  this  microstrip  circuit  board  fabrication  cnn  h<-  Ve¬ 
in  Appendix  It.  1  hi pure  3.PP  ill  urtrat.es  the  panel  mount  ct-axi 
connec l.nr  used  as  t.he  comb  ini  rip  port  line.  The  ,  anol  mount  is 
screwed  into  the  combiner  test  fixture  from  underneath. 

The  two  IMi'ATT  devices  are  secured  into  t.he  combiner  te 
fixture  by  Holder  inn  them  into  cylindrical  copper  heat  sink:- , 
fast.eninp  these  firmly  into  prescribed  cylindrical  holes  is.  it. 
fixture  assembly  by  means  of  machine  screws;.  in  this  way,  a 
suitable  heat  sink  was  provided  by  air  cool i nr  the  combiner 
fixture.  An  additional  restriction  was;  found  repnrdinr  the 
bias  current .  The  bias  current  upper  limit,  was;  i'.r  n.A .  Pur- 
pars'it.!'  this  value  resulted  in  bond  wires'  mol  t  5  nr  ai.ii  devic. 
burn'  >ut  . 


1- 


Pinple  Dev  i  ce  Character!'  -/.at  .ion  in  the  Twn-Dimi .  ■ 
Combiner  Test  l‘'ixturf‘.  The  nature  of  the  coax  i  al -t.o-p  1  anar  transi¬ 
tion  used  on  the  two-diode  combi  tier  circuit  is  different  from  the 
single  diode  microstrip  circuits.  Consequently,  additional  device 
characterization  measurements  were  carried  out  on  the  IMI'A'I"!'  devices 
usitip  otie-hal  f  of  the  combiner  test  fixture  as  shown  it,  Kip. 

Tlie  bond  wire,  connected  to  only  one  comb  ini  rip  line,  allows  tt.i-ar.urt— 
merit,  of  a  sinplo  device  in  a  circuit  more  suitable  for  predict  inp 
t.wo-diode  combiner  performance. 

Kipure  3.  Ph  illustrates  the  small-sipnal  reflect. ion  pa  i  r.  r 
a  typical  device  as  measured  in  tile  two-diode  combiner  test  fix*, 
Data  for  three  different  bias  currents  are  shown  with  bandwiuth 
h .  t>'>  to  )( .  9C)  GHz.  1’eak  small-sipnal  pain  at  mA  b  i  as  current 
is  3.7  dB. 

Us  inp  a  short-circuit,  cap,  a  measurement  reference  t  i.nn-  was 
I'st  a  id  i  siiod  at.  the  combiner  comb  ini  nr  point  and  impedance  cat  a 
referenced  to  this,  point,  was.  obtained  for  individual  if-cAl'l  s<-vi  fa¬ 
in  t.iie  t.wo-niode  combiner  test,  fixture.  The  data  cor  repps  nu  i  up 
Kir*  J-.Ph  is  plotted,  normalized  to  BO  >;  on  a  Smith  chart,  in  sip. 

The  diode  curves  of  Kir.  3.DB  represent  sn.nl  1  -si run i  da t.a  for 
three  different  bias  current,  levels.  The  active  device  r.undvidih 
is  from  approximately  U.6  to  U.9  GHz.  Th"  inset,  of  i-'ip.  3. 11  A 
est.abl  i  shoe  th<>  measurement  reference  plate  for  this,  da t  a  .  in 
order  for  an  nod-mode  instability  to  occur,  no  tic.  vie- 
curv"S  shown  would  have  t.  intersect,  the  sn<  r*  -«•  i  rcui  t  i : : . :  euane 
r-oii.i  on  t  i,e  Dm  i  th  chart  .  The  narrow  hunuv  ■  •  :*  a  t 
devices  prohibits  this  intersect  ion. 


-f.lt- 


FREQUENCY  IN  GHz 


i  KO’ririi  i',Air:  oi-  a  ■; 
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'i’ho  reduced  phase  variation  of  tin-  device  curvir  i  r,  the 
combiner  test.  circuit  with  respect.  to  the  mi  <■  root,  r  i  1 1  tort  fixture;; 
is;  probably  attributed  to  leer,  ‘stored  energy  in  the  coaxial -tf— t  lar.a 
transition  of  the  t.wo-diode  circuit.  Th i s:  prov i des  a  larpe  r.tabj  lit 
margin  and  offers.  flexibility  in  the  circuit  selection. 

i.arjte-t:  ip.nal  measurements:  were  al  so  conducted  nr,  Ir.u  !  viuun ' 
devices:  in  the  two-diode  combiner  circuit.  Kirure  3.?(  i  J 1  art  rater- 
reflection  Fain  information  of  a  typical  combiner  device  as  a  funct i 
of  input  power  level  for  several  frequencies.  The  data  shown  is  f  r 
a  device  biased  at  a  current,  level  of  100  mA.  The  peak  rain  so urs 
at  an  input  power  level  of  approximately  5  dBm  and  saturates; 
pradually  to  passivity  by  25  dBm  of  input  power. 

The  performance  of  a  power  combiner  is  specified  by  its  power 
Feneration  capability.  This  can  be  determined  by  mearurir.r  the 
reflected  and  incident,  powers;  com i nr  from  the  novices  ana  fakinr 
their  di  (Terence.  This  is  the  power  added  by  the  device  or  device 
Fenerated  power. 

i’irure  3.27  illustrates;  the  measured  fenerated  power  of  an 
1MPATT  device  as  a  function  of  intuit  power  level.  Pat  a  is  presenters 
for  four  different  frequencies? .  The  maxi  tr.tir.  fenerated  power  f 
1*3  mV/  occurs  at  •'«.(  5  OH 7.  for  an  input  power  :  f  approx  ircat  ely  22 
iiirh.er  frequencies  provided  less  Fenerated  power.  ’''quit  merit  1  iir.l  ta- 
t  ions  •:  id  ra  t  a  1 1  .aw  dat.a  to  be  obtained  below  (  ‘  cf-p- .  ;  , 

circuit  lore  becomes  incroar  in»*ly  sipni  f  ieat.t  fc-r  r.eu;  :r-  s. 

*r  i  t*i  inrut  powe  r ,  low  Fain  conditions  (•:<•  •-.«  -or.  i  *  . 

thereby  reducinr.  the  effect,  i  v"  added  rower. 


GAIN,  dB 
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FIO.  3.27  MKASURF®  ADDKD  POWER  DATA  FOR  A  MICROSTRIP  COMBINER  MOPE 
(100  mA  BIAS  CURRENT). 


The  .i.-it-i  u  i  1  i  t  i  ■ :  I  v  i . : ! ;  1 ;  devic.s  is  t  hr  t  v.  — -i  :  •  >ie 

combi  tier  t  est.  circuit  al  lews  tic  t.er  formaric**  t  w<>-d  i  •  >tje  i  pern  r  i .  -r: 


t-’  b.  |  ri'd  id  cii .  Me.ar.ura  :  y  :  ■  us:  ee  ■  1  / 1 1  r ,  t 


rr.t  i  i:i  i  r.r  :  it. 


cii  fferr.  !'tv:n  that  nbt  a  i  in- j  it.  rr.  I  •nrt.rit  t.-.t  i'ixtur«»r  which  has 
no  coaxial  -t  ->-plnnar  brans.  i  t  ion  at  .  ntoni*  sort  . 

In  t.h<*  soft  ions  ti. at  fnl  1  c.w  character;  r.v  I  ••>!,  r- *,.■  n  r  r,«.- 
two-diode  combiner  will  be  presented.  It  will  be  shown  Mi.u  *  he 
stable  opera t  ion  peer  it*  led  from  the  R-ii.rle  tit-vice  measuremerr.  s  made 
in  tile  combiner  circuit  do  i  r.uee-i  1  ead  to  stable  cn-  Liner 


ivc-iiocc  Micros* rls  t.'<  .i;  b  j  nor  '  'naract  er  I  rat,  i  , .  :• 

measurements  were  conduct  ed  or;  the  two-diode  jnicrosvtrit*  combiner  to 


determine  the  nvrat  i  r.f»  chs mo t.er  i  r  t  i . 


'terirr;  an  nr. 


amplifier  or  oscillator  to  veri  fy  luia  e;  -tat  1  i  rr,  tr.nt  .•  eudo, 
power-sunminK  operation  under  i-otii  stria  !.  1  -r  :  •n.a  .  a:.-!  I  arre-sirna' 
drive  levels  was  occurring  This.  section  -.ir-r-cr  i  be;-  t.iie  experiment:: 
used  to  evaluate  the  combiner  performance  .arid  summari7.es  the 
result:-  of  t-’K  eharacteriza  tier.  or.  the  two— ii*'  re  combiner  desirn. 

t  i  Combiner  tc  characto-i  r;  1  s  .  7h  e  c.c  d  i  a  r 

required  !.y  the  [Ml  ATT  devices  (diodes  "1  raid  f;'  used  i  r.  co.-r.i  ii.erl 
ur.-'ii  in  th  i  r  comb ;  tier  desirn  was  .-.nppl  ied  by  r  w  •  it.depen.ieni  currets 
sources-.  This  el  in  i  rated  the  pro  bl  err.  of  "t  normal  runaway"  where 
ore  diode  coif,  :  steal  all  the  current  ‘‘rc-r.  a  •  it. .-'I  e  .aptly  and 
destroy  t  !.t  device.  ir.  audition,  a  t  wo-niar— r  ••  a  -‘fords 

a  d error-  <-f  t.ur.  in*'  fl  i-x  i  1)  i  1  i  ‘  y  f.--r  Imnr  ■vi:r  t  *..•  similarity  f 
tile  devices.  US'-d. 
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Throuphout  the  exper  irrionts.  on  the  r,  i  e  r<  .s  t.  r  i  p  combi  rn-r  ,  device 
bias  curmil.  levels,  were  ma j n t.ai ne«l  t.o  She  rnripe  of  BO  t.o  Hit  rnA 
]>er  device  wish  correspond i np  vol  taper,  of  lib  to  li’O  V.  This, 
limitation  war.  imposed  for  t.wo  reasons,:  (l)  the  0.000Y  in  diameter 

j 

pold  bondinp  wire  used  to  connect  device  to  circuit  can  only  sustain 

i 

approximately  170  mA  of  current  before  melting,  and  any  bends  or’  ! 

kinks  in  this  bond  wire  even  further  reduces  the  ability  of  the  - 

pold  wire  to  handle  current,  subseauently  reducing  the  meltinp  | 

i 

current  limit,  even  further;  and  (p)  the  heat-sink  properties,  of  the 
packaged  IMPATT  devices  are  not  adequate  in  a.  micros,  1.  ri  n  circuit, 
environment,  bias  current  levels  greater  than  130  n.A  resulted  it. 
destruction  of  devices.  Air  coolinp  the  circuit  and  providing  heat¬ 
sink  plat.es  was  necessary.  , 

3.0. H. 2  Srnall-slpnal  exnerimenta.i  res, nits.  Combiner  I 

small -sipnal  experiments  were  made  on  the  two-diode  microstrip  j 

combiner  operating  in  an  amplifier  mode.  l-'ipure  l.?8  illustrat.es  i 

the  small -signal  reflection  pain  measured  at.  the  combir.inp  port,  of 
the  microstrip  combiner.  Dat.a  for  different  bias,  current,  levels 
(85  t.o  100  mA)  are  shown.  Approximately  1  0.  *■  fib  <<f  str.al  1  -s  i  pnnl 
pain  was  achieved  at  a  100  rnA  bias  level  fit.  a  frequency  of  k .  bU  oils. 

The  typical  act  ive-device  bandwith  was  approximately  h.f  to  1.0  his 
with  fractional  3  dH  bandwidth s  ranrinr  from  approximately  P.b  to 
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even-mode  esc  i  1  i  at. or  comb  i  n  i  rip . 

d.S.'i.-’,  I,arpo-u i  pnal  ox  per  i  .i.cr.t  a .  rcr.n  '"ho  tor 

reflection  rain  and  impedance  level  wore  measured  u:m  r  1  art  •••-.■;  p:.a  1 
eondit  ions  in  much  t.i.e  r.amt  way  ar,  the  r-mal  1  -r  i .  r;a  i  tier  >•':  a 

tori  wit  ion  war  obtained.  lisinp  the  larpe-r. ;  pnal  m-'f-.i-'mori-  1 
set.  shown  earlier,  1  arre-r.  i  prta !  impedance  informal  ie-!.  war  ".ensured 
for  a  riven  frequency  ami  input  power  level.  i-  ;  'utv  i  ‘.1  ustrat 

the  me 'assured  reflection  coefficient  pair.  vs.  input  now  or  level  for 
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when1  !'  „  in  the  ri'flpctf'd  power  eominr  from  Up-  combiner  not.v 

re  ( 

is  the  incident  excitation  power  injected  into  the  network, 
j  r |  in  the  magnitude  of  the  network  reflection  coeff i c i ent .  Kqu 
3.5  represents  the  power  generated  (added  power '  by  the  device- A* 
i'he  added  power  is  a  useful  measure  of  the  combining  funct ior. . 
indicated  in  Kip.  3.  32,  the  power  generated  by  a  lossless  r:.t. r. 
will  be  identical  if  measured  at.  the  device  terminal  r.  r  at  some 
more  aeeos.sabl  e  men  r.u  foment  plane.  An  efficiency  car;  be  define-: 
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where  N  is  t.iie  total  number  of  devices,  i’  is  i  : . • 

‘if’. 

the  kt.h  device,  and  P  is  t lit-  total  added  power 
As.  ilef  i  nod  in  Kq  .  3.  A,  the  combiner  effic  i'-ricy 
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differences  in  the  circuit.  Values  of  r,  slightly  less  than  unity 
do  offer  confirmation  of  hiph  combining  efficiency.  In  a  real 
combiner,  the  ideal  combining  efficiency  of  unity  is  often  until  tain 
able.  Figure  1.  VI  shows  the  combiner  generated  power  plotte.i  ns  a 
function  of  input  power  level  for  various  frequencies,  and  p-vuk  pen 
at  ed  power  occurs  <at.  approximately  1  98  mW  ot'  input  power  at  a 
frequency  of  ^ . 7  till".  Tile  peak  level  corresponds  to  approximately 
1 3‘>  mW  of  power  supplied  by  the  combiner. 

The  measured  1  arpe-sipnal  impedance  data  for  the  two-di>  •de- 
comb  i  nor  is  shown  in  Kip.  3.  3>» .  The  dal  a  is  for  a  bias  current 
90  mA.  Impedance  1  evel  for  the  frequencies  h . '( ,  i* .  Y‘> ,  U - B  .and  •« .  b‘ • 
OHr,  tire  shown  spiral inp  outward  toward  the  perimeter  of  the  chart 
as  the  reflection  pain  saturates .  This  data  is  normalised  to  f 
and  referenced  t.o  the  combiner  combi ti inp;  point.  Home  1  arp<— s i ptial 
effects,  can  be  seen  for  some  frequencies  where  pain  peaks  til.  a 
love!  ,’ust  hipher  than  the  s.m.al  1  -s  i  pna  1  value. 

Osc  ;  1  1  a  tor  performance  of  i-wi  i  ue  r  i  r.s)1 . 
If  the  experiment  test  set  of  Kip.  5.3'.  is  used ,  a  suitable  circuit 
impedance  can  be  provided  to  t  lie  combiner  by  the  test -set  t  n.-cr  t 
result  in  esc  i  1  later  operation.  K  i  pure  s-iiows  a  «i  i  s}  lay  from 

a  spect.rum  anal  y /or  i  1 1  astral  inp,  t  lie  os.ci;  later  eirrial.  i  .  ak 
or.cil  lat.or  power  was  .achieved  wit.ti  bot.ti  combiner  1MIATT  devices 
lei  rated  at.  1  Oh  mA  result, inp  it.  Iff  mW  (ill  drm'  of  ■  cc  i  1  1  a  ’  or  :  ew<  r 
at  a  frequency  of  U.6^>  (111/.  Tlie  max i mutt  os.-  :  :  In:  v  ever  ;  Ir.t 
occurs  at  a  frequency  away  from  the  smal  1 -s  ;  cual  tt.a  x  i  mum  Pain 
point  .  This  is  due  to  the  1 arpe-sipnal  effects  at  h.i  ’•  ids  whict: 
can  increase  the  pain  above  that  at  s.m.a  11  signal. 
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combiner  with  that.  of  a  r.iiii'l device  as  chnrae  ter  i /.ed  in  the 
combiner  circuit..  Since  the  transformed  properties  of  the  two 
devices'  add  in  parallel  at  the  combining  point,  halving  the 
impedanee  of  a  single  device  should  result  in  a  prediction  •••:'  •  w<>- 
diode  operation.  The  measured  and  calculated  small-signal  imped¬ 
ances  for  the  two-diode  combiner  is  shown  in  Fig.  3. 37-  The  dat a 
given  for  a  bias  current  of  90  rnA  with  the  calculated  impedance 
obtained  by  using  one-half  the  measured  impedance  of  a  single 
device.  As  is  evident,  in  Fig.  3.37,  close  agreement  has  been  ao:.i 
The  measured  data  exhibits  higher  gain  than  predicted,  '"his  is  cu 
to  coupling  losses  when  the  single  device  was  measured  ir.  the  two- 
diode  combiner  circuit.  The  closely  spaced  microstrip  combining 
lines  allowed  coupling  to  occur  and  lowered  the  effective-  rain 
achievable  with  a  single  device. 

A  comparison  of  the  generated  power  capability  of  the  two- 
diode  combiner  and  the  single  device  clearly  verifies  the  rover- 
summing  function.  The  maximum  generated  power  measured  for  a  cine 
device  was  approximately  1»5  mW  at  a  level  of  ?2  dim  of  input  power 
The  maximum  generated  power  measured  for  the  two-diode  combiner  wa 
135  mW  at  22  dBm  of  input  power.  The  level  measured  for  the  sir.'] 
device  obtained  under  low  gain  conditions  is,  therefore,  more 
sensitive  to  circuit  losses.  Nevertheless  ,  impr  v<  •  i  :•  rfe-rr.  ; 

terms  of  added  power  is  shown  for  two-diode  e  ■  r  t  >  i  r.'-s  op*>r.V-  i  •!: . 
Moreover,  the  stable  operation  of  this  coml  incs  u'-s  igr.  has  v.-ri  f .« 
the  improved  power  capability  over  a  single  device. 
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3.3  Coaxial  IMPATT  Mode  Combiner  Kxamplo 

This  sect  ion  presents  another  ver  i  fi cat  ion  of  the  combining 
approach.  A  lossless  TIM  line  coaxial  power  combiner  was  realizeu 

t 

from  device  characterization  measurements  of  diodes  in  various 

1  9 

coaxial  test  circuits.  The  development  of  a  stable  coax  i  a  i  e  -r.'.i  ;  rer 
is  described.  Ihtlsed  Si  double-drift  IMPATT  diodes  were  or.'-e  :i,th 
1  used  as  the  combiner  devices.  The  IMPATT  diode  specification:',  of 

t 

!  the  combiner  devices  are  indicated  in  Appendix  C. 

i 

i'  1.3.1  Sinple  Device  Test  Circuit  and  Diode  Character i  i  .  o  r, 

I 

|  Results.  A  single-diode  coaxial  circuit  was  designed  and  constructed 


for  use  in  measuring;  the  active  diode  impedance  and  bandwidth  pro¬ 
perties  of  the  available  IMPATT  devices.  The  circuit  which  is 
illustrated  iri  Fid.  3.38a  alonp  with  a  simple  electrical,  equivalent 
circuit  which  is  shown  in  Pip..  3.38b  was  used  t.o  establish  the  proper 
drsirn  criteria  for  a  stable  multiple  device  combiner  circuit. 

The  test  fixture  of  lip.  3.38  consist  s  of  n  coaxial  trans¬ 
mission  1  i  tie  iti  which  the  center  conductor  functions  as  a  quarter- 
wave  impedance  transformer.  At  a  center  frequency  of  approximately 
It  (I  Hr. ,  the  coaxial  line  transforms  a  50— impedance  level  at  the  py 
output  sort,  to  approximately  a  6-fi  impedance  level  at  t  he  diode 
plane.  The  lower  impedance  value  provides  an  improved  match  to  ♦ he 
inherently  low  impedance  associate1  with  pack  aped  iMPATT  device:'. 
Included  in  the  test  fixture  center  conductor  are:  ( ] )  a  series 
i  nduet.ance  lumped  element  which  resonates  the  dif-ie/t  ackape  cu:  ;*<*:  — 
lance  for  proper  impedance  transformer  opera  t  i  °n  ;  ( )  a  :’-rii  r  by¬ 
pass  capacitor,  real  i  zed  by  an  open  section  <  f  t  -ism  i  ss  ior.  lino  i 
series  with  the  coaxial  center  con  actor ,  prov i  •  a  dr  block  to 

the  output  port;  arid  (3)  a  sinffl c-section  low-pass  filter  to  supply 


BELLOWS  INDUCTANCE  ELEMENT 


(0) 


( b) 


*  .  3,  v  C'  -AX  i  A I  ■  i  .‘'.L'i  C.  1  1  /.  ( -i  j  . 

(b)  kuujva;. i i 


-.Sli¬ 
de  bias  to  the  diode  :uid  prevent  Kj.’  leriKape.  The  1  N'i  A'i”)  device  i 
soldered  into  a  e.v  1  i  udr  i  e:i  I  copper  heut.  s  ink  and  t  tie  entire  euaxia: 
assembly  is  belli  securely  in  place  with  n  s.et  screw.  lit.  t.  .graphs  <  >  f 
the  test,  fixture  arid  inner  assembly  appear  in  rips..  1.  •'>  and  , 

respectively . 


Device  character i  r.at i omt  of  diodes  in  the  coaxial  test  e  1  r  t 
of  Kip.  3.36  have  provided  active-diode  impedance  and  bandv i  i  infor¬ 
mation  to  realise  a  combiner  circuit.  Kipures  3. hi  am;  3.1./  illus¬ 
trate  typical  device  small  -si  pnal  reflection  pain  and  impedance 
referenced  at  a  measurement  plane  c.  rrespond  i  nc  t  ■  the  >’<  i i  ;.p  loir/ 
of  a  multiple  device  circuit.  The  data  is  shown  as  a  funet ion  of 
frequency  and  bias  current  level.  It  is  apparent,  from  rip.  td.at 

Idle  IMTATT  devices  measured  in  the  coaxial  t  cut  ci  tvui  *  exi.ibit  a 
larpe  .act  ive  bandwidth  phase  var iat  ion.  sue;,  a  farre  share  varlat  ion 
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phase  variation,  or  a]  ternat  el  y  add  in*'  series  v-i.-t. arise  to 
device  importance  to  rotate  the  dieue  impt-junoe  curve  to  n  : 
where  tlie  active  device  curve  will  no',  int  ••rtV'.'  t  he  sir  r' -  ■ 
impedance  point. 

i .  1 , 1  ''naxi-ai  i'omii  i  tn 1  r  ' .  t  '  i  .-a-,,  i  *  a;:.;  ' *na  m r '■  1 

Hera  1  ts  .  The  r  i  nr  1  e-d  i  otj.  ■  coaxial  topi  eit-eui'  war  ,..•<•  ;  a. 
to  her  i  pi:  a  co.-uc  i  a  l  iM;  AY.  u  p  "ic  ciimb:  .’.op  :  .x*  .p. 

version  .of  trie  r-axia!  combiner  ip.  partially  rh  vu  It.  rip. 
Tlie  combiner  war  iri't  I  ally  iter  i  yued  to  ace.  .cat  e  to 


.1  Mi 'ATT  device.-..  ii  >vevor. 


•a  i  1  at.;  i  !  •  v 


similar  device;-,  .  nly  -;  tve-.i  i- real  ir..at  i.-r  wa.  at  • , -m:  :  • 
four-way  /  unet  i  on  at.  tl-.e  comb  ini  nr  point,  war  laced  vi*h  a 
way  junction.  The  unused  coaxial  t  ransmirr  ion  lit. or,  no; 
a  center  eonrtuet  or,  ft  motion  as  cut  -off  circular  raider  wi*h 


cut-off  frequency  of  1?  (Vt!'.',  well  above  tie-  d»vi»*r.  re  oral  in-* 
ur. cry  .  Thei  r  effect  or.  the  combiner  c- i  rcu  i  t  1  r  :  <  previe.t 
react  ;  ve  ter:-, it. at  ion  -it  the  combi  nine  point  i  eh  ir  r.ot  •  xi 

:  ,  a  ffe  <t  •  re  stability  of  tlie  combining  ope  rat  ion. 

A 1 !  b.ourh  tiie  combiner  circuit  is  essentially  a  four-w 


A  1 4  h.our 


of  tip.  sinri  e-ii  ieae  coaxial  circuit,  shorter  sections  of  O': 
1  Ire  i  h  were  ur-e.j  t.o  achieve  more  desired  novice  rhnrnc- 
wipe.  i.m:  eitanco  data  were  rotated  to  the  combi  nine  point  .  T! 
was  to  reduce  a.;  much  as  possible  the  amount  of  active  dev  it 
variat  in;,  wit  h-  :;t,  major  redes  ism  of  tile  combiner  t-'-rt  f  ixru: 
moti i f  i  cat  i  oi.p  ,  of  course  ,  can  only  be  obtained  a-  t  ho  ex:  en: 


COMBI  NIN 


reduced  gain  and  obvious  shift  in  the  center  frequency  of  the 
quarter  wavelength  impedance  transformer. 

Measurement  s  of  individual  diodes  in  the  coaxial  combiner  eir 
cuit  established  t.iie  act.  i  ve-dev  i  ce  gain  and  bandwidth  propert.i  es  of 
diodes,  in  the  eombiner  circuit.  Figure  dJth  i  i  1  ust.rut.-s  the  typical 
small-signal  device  impedance  referenced  t,o  the  combining  point. 

In  suite  of  shorter  combining  line  length,  t.iie  active-device  phase 
variation  is  still  too  large.  This  may  be  partly  due  to  the  larger 
stored  energy  eapae  i  l.y  of  the  four-way  circuit  over  t.iie  s  i  r.gle-e.  iode 
circuit..  Figure  3.^(>  siiows  t  tie  device  small -signal  reflection  ga  in 
corresponding  t.o  Fig.  3. Us.  Two  observations  are  evident  from  the 
figures:  (l )  additional  circuit,  modi  fi  cation  is  required  to  •  e.-vase 
the  sti 1 1 -too-1 arge  active-device  phase  variation;  am:  ( P)  the 
maximum  device  gain  occurs  at  a  higher  frequency  in  the  combiner  eir 
cuit  than  in  the  single  diode  circuit..  Gain  is  st  ill  observed  at 
[<.('  this  (where  maximum  gain  occurred  for  devices  in  the  single-diode 


iu'Wt'vrr,  it. 

is  greatly  reduced. 

,  The 

differences  it 

1  fiv- 

r:;ax  i  rain 

may  lie-  attributed 

1  o  tic 

:•  Cut-Off  gui  a 

?  rear- 

taticcs  of  t.iie  ur.usoii  combining  lines.  These  reactances  may  tune  the 
combiner  circuit,  for  maximum  gain  at  the  higher  ’’requenoy . 

Additional  reduction  in  active  diode  phase  variation  was 
obtained  by  replacing  the  diode  cent, act  bellows  will:  a  series  i  .  : 
inductance,  a  short  sect  j .  ,n  of  slightly  higher  impedance  line 
(lumped  induct  ance  or  oJt  nil).  The  absence  of  the  cot::  act  i"  ■'■’..■vs 
necess.  i  t.at.ed  close  machining  tolerances  to  aeii  i  eve  good  d  i .  •de- 
t  fans  former  contact  without  device  destruction.  in  add  it.  ion,  ii:e 
series  by-pass  ennac i tanee  was  increased  for  cacti  combining  line 
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I  i  1 1  <  ■  to  rotate  the  diode  I'lirvi'  to  a  [  k  i  t  i  >  >ri  wi.i-rv  « -■  j*  j— rn-  -ij«  - 
i  M : :  t  at i  i  I  i  I  i  i  •: :  c<  n  I  <1  ho  five  >  i  d«  ■<! .  The  ror.u  I  tr  .9'  those  -hm  i  t  :  <  ■un  , 
circuit  mi  >d  i  f  i  i  vi  t  i  i  'ii::  can  l>e  r.een  in  the  measured  pa  i  r.  runi  impedance 
eharae  t.ef  i  s  t  i  ee.  shown  in  Kips..  1.1)7  and  -,.Hn.  i'he  data  Shown  are 

apain  referenced  t ,,  the  eonih  :  ri  i  nr  point  and  ill  us*  rate:-  t  he  y>-  :  .see 

active-device  phare  variation  with  an  accompany i up  reduction  i  t.  rain. 

The  diode  curve  shown  in  Kip.  3,.h8  prohibit:-  t.i:e  i-  :-,:i:  1 1  i  i  y  <  f  a 
larpe-ripnal  intersection  of  t  lie  diode  curve  with  tin-  s';  or*  -<• :  rcu  I  ’ 

noint  «n  t  in-  Smith  -hart..  The  fact  that  this  e.  «r;h  ir.er  I  rcui  t 

succor  r.  t'u  !  1  y  provided  stable  two-diode  combiner  e.perat  verifl"; 
t.iie  pri  >per  e  i  retii  t  den  ipri. 

Th.e  coax  i  al  two  TMKATY  diode  combiner  which  succor r  ful  1  y 
combined  power  'Yeti.  two  device:-,  is  r.hown  in  Kip:-.  throuri  ■_  '  . 

individual  device  bins  control  similar  to  '.hat  hniim  i ‘he  s ;  i.s', .  - 
dioiie  coaxial  circuit  is  provide.!.  The  t.ranr'o  nrierr  are  t  a: 
to  provide  the  cl  oner  t-  placement  of  each.  c.  mb  i  n  1  r.p  lit-  *  ‘ 

combining  point..  fine  ad.'urd  n.ent  it.  aci;  i  >;v  1 1.-  -  :  : ;•  •.'■■■  ■'  , 

in  tile  absence  of  contact  tel  lew.:,  is  id  a  i  t.e  :  w  1  ■  h 
screws  di'illed  into  the  .  .-ri  ri  ;.a  1  pet  screws. 

3.  3 .  Two-1 1  i  ode  »im  ■  iter-  'Is.  r-:  •  ’  ■  n  1  .  • .  '  1  s'su.ts  .  1'tc 
measured  small -sir:  al  combiner  i ar.  :  :  :  ra  I :  are 

shown  in  Pips.  3 - '.*P  t.hrouph  f.  r  -.  *  v  -  1  :•  V’-rsi  n  of  i  he 

coaxial  combiner.  Two  r<‘Pi <  t.s  f  :  oak  -a  1 :  -as  i  •  •  is'-rv-  .'..  t.e 

rep  ion  is  eentere.i  a  round  1:  s  -it.  :  Is  :  •••  ■  -'s  -  :  r*  -v :  •  <r 

.•  inpl diode  It.i'.'isUP  r*c  1  :  ■  ■  •  ■  •  ■  r  ■ 

second  rep  ion  of  rain  c.-.rs  nr  •  .<  his.  1  •■•si 

not  predicted  from  i  r.p'f-  — :  •  •  1  •  -  ■  '•  .■■■■•  -s  ,  ! 


i 


GAIN,  dB 


-i  nt.- 


FREQUENCY,  GHz 


KIT,.  3.1*7  SMALL-SIGNAL  REFLECTION  GAIN  OF  SINGLE  1  ■  :'.V I C K  IN  THE 

COAXIAL  COMBINER  CIRCUIT  AFTER  SHORTENING  "F  COME IKING 
LINK  LENGTH . 


KASUBKD  IK  THK  COA 
i !•'  nOKi/TKl KG  MKK 
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test,  set  .  An  automated  r>y s ter.  c>ui  i  r.ot  !•••  \  .  izeci  for  these 

measurement  s  i^’causo  c-f  frequency  1  in. : *  at i .  ns  wi  t.h  the  TWIT, 
ally  der.  i  pried  *  •••  operate  from  1  .  :-  to  If  fils,  tic-  7V.T  provided  in¬ 
sufficient  never  levels  at  lower  front, one  i  e:-  requi  r nr  manual  synthe¬ 
sizer  adjustments  to  obtai r.  sui  table  input  ;  ewer  levels.  The  net-work 
anal y r  phase-rain  di  splay  vac  sut  sti  tut  <■  :  f-  r  a  polar  dir tiny 
more  accurately  obtain  pain  informat  ion. 

I.arre-si /trial,  combiner  character  i  zai.  i  on  re. -tilts  are  shown  in 
Firs.  3.5b  through  3.59  for  an  operating  cv.rren*  h  :as  of  75  trul. 
Reflection  pain  and  combiner  pen  orated  power  (ad- to-;  ’■  are  shown 

as  functions  of  frequency  and  input  power  "level.  Maxitr.tsrr.  per. « rat od 
power  for  two-diode  operation  was  measured  at.  1  kb  r.W  at  3.7  >iiz. 

At.  U.J  GHz,  renerated  power  was  100  mW.  For  the  mil';  ose  of  compari¬ 
son ,  the  r,  inrl  e-ti  i  ode  generate,  i  power  .as  a  funo*  ion  of  frecne-ncy  is 
shown  in  Fir.  3.(  <).  At  approximately  )*.).  '.Hz ,  •  '  mV.'  of  a.:  ied  power 


gen  - 


gen 


r ;  il¬ 


ia.  •',.60  riKKKRATKP  power  a  :  ivici-  A;:  v: 

IN  THK  TWO-DIODE  COAX T A!.  OOMMIP'K  CiK’':r:‘  (Yr>  :nA  t'Ui-.i- 
R !  AS  ) . 
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CilATi'K!  IV 
JUMMAKY  An;  iv.v:.’i 

H.l  oummary 

The  combininr  cireu  i  tr-  r.t 
lossless;  symmetr i c  ".'KM  line  networks’,  t 
TMPATT  devices’,  to  real  i  .Table  combi 
differs  from  oilier  :i|  prone  her.  in  that 
tier  arc  closely  intertwined  nr..!  fanno 
The  combiner  can  be  1 hour'nt  •  f  a.-,  ati  <  • 
and  circuit  which  cupi-rer-rer  undrsi  red 
r< >s  i  si.  i  v»*  si  t  ah  i  i  i  r.a  t  i  on . 

t  tt  Cha !•*<•!•  i  !  of  t  i  r.  :  o r;  ,  t 

n;.!'>v/ict;  war  r>-v  ieweb.  .\orma  '  "t'acr  ■ 
•cyst  cm  were  >le!  err:;ic'.i  from  t  h.  w  r 
.  i  1  !  ’ll  ion  ci  nr !  i  t  i  oj, .  ■.•’rep;  '';Tr  ana. 

circuit:-  were  arrec  ;  atec  with  f  i.e  ■!:;:• 
i’ur'i  t'e.::’ i  o’,  la..-  un  nr i rou  ip.  -j.  a’  war 

cui  t  .if.- ;  rn . 

Two  example.  ef  c-ii’.h  i  Uerr  tlta: 
fully  demon:’ t  rated  the  a;  ;  roach  «■•!•■  •  :• 
tit  i  I  i ’.’.ed  two  !  Tdi  AT"-'  ievicr.  •  -i  i . 

Hi..;  t  he  other  war  dt  v<- 1 o:  ,  ;  f.  >■  •.  coax 
<:•  ■  v  ;  ee  . o  ; .  ,ri  j  o  , ■■  .• ; 

d( r  ;  t  '  -d  . 


in  t  h  i  r  i  a  v.  ati,  ••••  r  i 
or.et  r.rr  w  ;  t  ban  : i  l::,i  t 

I  !.<-  ill  *  V  !  ee  |  ’  • 


—  1  .  ’I  i— 


"lir-  mieror.t  rip  ami  coaxial  romt  m  rr  were  lercrit-e 
Chart  er  111.  i'Ot.h  combiner  r.  provided  stable,  r:  nr.tn.ri  cur, 
combi ner/ompl  i  Tier  per formanee .  The  suicrostri  p  derirn  ex 
a  bandwidth  <>f  h.b  t  n  l».o  Oiir .  Ten  dr  of  r-:n«i  1-r  it'nn!  re 
pain  at.  <♦  ,8‘.  0;i”  (100  mA  b  Ian  current  '  war  -.i.r.erve.s .  A 
rent  l-dr  fractional  bandwidth  wit  1.  t  -.it  of  rain,  a:  ..  . 
obtained!.  Th  i  t:  bandwi  ilt.ii  could  hi  ;t:c  r.-ar*->:  it'  ‘ ;  ar.-a 
margin  oxh  i  b  i  ted  by  t  h>  lev  leer  conic  ho  *  rue.-'  :  r 

bandwidth.  harro-i:  irnul  eharnot  ori  ?.at  !•  i.  cet:.  .\rt  ra:  •• :  i.  i . 
combi  ni  nr  ( 1  *1  nW  of  a  (idea  power  tw-  -  :  i  ■  torn: 
ridded  power  for  n  r  i nrl  e  «i ioiie ) .  "I:--  e.  axin'!  c.  >rr.b  iter  ;  r 

additional  vor! float  ion  of  the  comb  ini nr  approach .  The  e 
.--eomet.  ry  f  tin.  conx:.al  r  .  tv... 1  war  i  -  e  '  ■  rite;  to  ucco- 
t.he  packaged  i Mi  ATT  device?,  "he  r-v'c-r  it.  t  hi. 7  comb  l  :.e 
r. !  irht  ly  larfr,'i-  a  *t  :  ve  har.dwi  :t  'ar  1  .ran  !  he  device:-  u<- •  •.:  i: 
id  rip  e>  'mbit,  or  w  i  t  h  a  r.'  ahi  e  bn.-iuv  :  d  t  h  ■■■:'  - . 

( 1  . '  a  •  ecc.irre-i  near  dll:-  mA  cnrret.t  i  tar  •.  At. 

of  .|tf.  ru  red  -it  :  . !  1  rV.  of  In:- a"  :  f  i  v  •  .  ■ 

t  nnuwi  dt  h  of  It  re;1  war  .  -brewed  will  !*.■'.  f-  f  rain. 

1> .  2  >'i  .’i.rl  'ir  i  'ir;r.  T up p< !  i  otn-  ''o'-  'fur tile!'  a  rK 

i  r>  wetv.  ;•••  >up!lt  to  eXper  1  mental  1  y  verify  a  rev  a: 

c  i  roui  ‘  "eye!  -w*.-r  •  i  n  i  np  of  rc-pat  i  ve-r-  -r  i  r  t  ane*  ■  devi 

cr'r.n  in  i  nr  eircui:.  :evo,  cec.  rive  r^’OTiii":  in  -d  t.  rn : 

re.'ti ;  ii  r  ! .  i.r  r.e.-  ■  neraf.  fin.  In  th  i  r  rcianr  ,  1 
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Pue  to  equipment  3  in:i  *  at  ions  ar>d  -r-.-v  i  -ivailficili  ~y 
!  Mi  'ATT  diode;:-  usee,  in  •  he*  c.  mA-  :  ne  re  were  i  or?  imallv  suit 
eomb ini  ng  a;)’,  lent  ions  of  t.t.is  t  ype.  A i  i  ■ .  ugh  t  n  ;  .•  -n-;  not 
ron  \  i  '.-.‘it  in:,  of  :i  stable  design  ,  it  did,  };•  -w.  ,  lir-.i*  the 

output  power  to  lower  levels.  In  future  work  will,  thir  cor. 
approach  it  would  be  desirable  to  give  more  consideration  t. 
‘■•election  particularly  in  term?  of  the  trade-off  between  a 
output  and  device  impedance  level.  Since  the  purpose  be":. in 
combining  is  to  obtain  the  highest  power  levels,  it  would  s 
the  best  approach  would  be  to  select  the  highest  power  dev: 
combine  a  selected  number  of  them.  However,  because  of  t  he 
limitations  the  use  of  such  devices  require?  large  diode  nr 
reduces  the  device  impedance  level  and  generally  requires  s 
of  matching  circuitry  to  efficiently  couple  energy  from  dev 
eircuil.  The  use  of  additional  circuitry  adds  further  stor 
to  !  he  circui :  ana  may  pro!:  i  t  it  a  static  :•  .  i  ■  •*»•,  -m  ! 

Kurt. her  work  is  required  to  determine  •  he  mr  i f  i  ‘a»  ;e:.s  . 
impeuatice-dev  i  ce  power  capability  ♦  rac.e—  hi  1 1  is  i  ■•■".:.  • 

drift  chip  device;-,  appear  t,  be  the  most  like5;,  can:;  :at 
ci'mbin  i  r.g  approach . 

This  investigation  has  r>rev  i  .b'd  rose  :v 


future  expo 

rimental  work  using  thir  c 

omuin.i 

: '  mi 

M 

tii  recti'  >n  f< 

H’  future  studies  would  be 

*  I.''  :  •} 

t  s 

MI 

f  reque1 

ncy ,  i 

number  of  devices,  ant  vc 

. 

end  ,  a 

as  ted  des  i  gn  >r  a  f.  1 1 

f  1 

shown 

i  n  V  \  i 

-.  »*.1  .  Tin ■  la.-k  of  ertoug 

:  ui  ' 

mM  i • 

•  v: 

this  d. 

r'r  i  rn 

f  r-  >m  being  t  e.< .  ovi-r 

f  ; 

■i  s  *  ' 

,  .  ■ 

ilfijH  >nr.t  i'.*  1 1  i':'.  a  u  1 1 1  li-crtiiqm-  ''.it’  f:  i  hr  i  .--i  I  in.'  . ■’  1 1  i  irr.im' 

cones'll  t  r  i  c  sub;:  t ra  t  .<■  via::.  irior  1  this  derii'n,  v  in:  (r«-q  i,  j  r<  ■■ : 

for  coaxial -to-planar  transitions’,  at  the  comb  ini  nr  point)  were 
drilled  after  the  substrate  board  was  cut.  Due  t-  ultrarrnic  it.  pact 
drill  limitations,  this  appraoeh  made  it  very  difficult  to  accurately 
center  the  hole  via  on  the  circuit  board.  The  nr<  b:e::.  war  cverc ■■■::.•• 
by  util  isim?.  a  concentric  hole  symmetry;  t  he  via  drillin'  war.  ;  in¬ 
formed  simultaneously  with  the  circuit  board  cutt  inr,  (urir :r 
single,  circular  drill  bit),  fabrication  of  circuit  beards’  *  ha’ 
require  centered  vias  is  made  more  s't  rai  rut  forward  by  urine  shir 
tochn i quo . 

Hopefully,  the  experimental  work  areom:  1  i  rhea  in  ‘.hi  s’-  r:n:y 
bar  led  to  a  pract  ical  understanding  of  the  .b-vic-— c  i  r.-u:  t  interact  1 
involved  in  multiple  device  power  comi-iri  in,r.  The  successful  rera:  fr 
obtained  wit.h  this  approach  will  hopefully  foster  nuu  I  f-i  ■'  ual  activl’.. 
in  ext  etui  i  nr  the  frequency  ,  pow.-r  •  .lit  s  i;1  an  i  :  •  r  f  .  ••  -r.t.. 
device;- . 
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aitknihx  a 

ODD-  AND  EVEN-MODE  EQUIVALENT  CIRCUIT  DERIVATION  FOR  A 
THREE-DIODE  LOSSLESS  COMBINER 


The  general  oscillation  condition  for  a  rad i al -cymmet r i e 
combiner  was  given  in  Eq.  2.3.  This  append i x  will  ere sent  the 
derivat  ion  of  the  normal  modes  of  oscillation  for  a  three-diode 
combiner  system,  beginning  with  the  general  constraints  imposed  by 
the  os oil laf ion  condition  and  ending  with  the  equivalent,  circuits 


associated  with  the  odd  and  even  modes. 

Figure  A.l  illustrates  the  three-device  combiner  circuit.  The 
circuit  matrix  associated  with  this  combiner  incorporate?  reciprc- 
eity  with  radial  symmetry  to  give 
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where  Z’  -  7  /( Z  +  Z  ).  Flquat  ion  A..  <•  cr¬ 

in  the  earlier  part  of  this  report.  :,<t  t 
7.J  2  =  7,j  y  -  Z' ,  Kq .  A.P  may  be  solved  nr  an  ■■ 
the  eigenvalues  of 


!  Z’ 
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1 1 


1  7 
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1  ?  12 
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11  17 


are  obtained  from  t he  characteristic  eouati-  Ti 


-  O3  -  d(zj2) Z(z’1  -  A)  +  ;>(z; 


where  A  is  the  eigenvalue  of  t.he  oquat  i<  •!■ , 


•r  <  1  v  -  \ 


X, 


ft  ft  ft 


Sol  v  i  rtf  rq.  A.1*  results  in  t.he  three  oirenval’ 
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AITKNIM  X  H 

Ml  CR0KTR1 1’  CIRCUIT  HOARD  PARK  I  CAT  f  <  >N 

Numerous  mierostrip  device  and  combiner  tori,  circuits  ha 
been  designed  and  fabricated  in  this  investigation.  The  steps 
involved  in  the  circuit  board  fabrication  procedure  are  describ 
in  this  appendix. 

The  substrate  material  used  for  the  microstrip  circuits 
this  study  has  been  exclusively  alumina  boards.  Those  uieioct r 
boards;  were  available  in  1  x  1  in  and  2  x  ?  it;  squares. , 
thick  with  one  side  highly  polished.  With  some  cf  the  combiner 
test  circuits,  an  ultrasonic  impact,  drill  was  usee,  to  irill  via 
to  realise  a  common  combining  port,  before  any  eireui*  fabrica* i 
process i ng. 

Unco  completed ,  each  circuit  board  war.  x  ieu  cat  <  a  - 
rlato-j  test  fixture  with  conductive  two-component  epoxy.  'lh< 
compression  wire  bonds  made  at  .1 50°<’  to  2?VC  were  used  t.o  conr. 
t.be  devices,  to  the  circuit  board. 

A  summary  of  the  fabrication  process  for  a  micros'*  si  p  el 
board  is  as  follows: 

1.  The  blank  alumina  board  is  placed  into  a  VO  percent 

solution  of  hydrogen  peroxide  and  sulfuric  acid  (II  0  +  •  •  pc  ; , 

?  2  p  4 

and  heated  under  low  heat,  for  approximately  10  mi  t. .  II.  ir  nta 
cleans,  the  alumina  and  removes  potential  contaminant  s  vt-.iej.  ml g 

interfere  with  the  photo i  i  Umgraphy  . 


-!;•>)- 


P.  The  board  is  removed  from  the  cleaning  bath,  rine.eo  an 
dried  with  nitrogen  gas.  It,  is  immediately  placed  in  a  clean, 
closed  container. 

3.  The  clean  board  is  placed  without  delay  into  a  bell  jar 
evaporator  where  approximately  500  X  of  chrome  and  P000  to  300b 
of  gold  are  evaporated  on  both  sides  of  the  board  (chrome-  usee  ns 
an  adhesive  for  gold  on  alumina). 

A.  Following  chrome-gold  evaporation,  the  board  undergoes 
degreasing  step  in  preparation  for  photoresist  deposition: 

a.  hoard  is  heated  in  troch 1 oroethy 1 ene  for  5  to  10  mi 

b.  Trichloroethylene  is  drained  out  and  board  if  •  . 
in  acetone  for  5  to  10  min. 

c.  Acetone  is  drained  and  board  is  rinsed  in  mcthvnoi 
and  then  in  di -ionized  water  (Dl). 

d.  After  DI  rinse, board  is  dried  with  nitrogen  gas  an-: 
placed  in  a  clean  oven  (~  60°C)  to  thoroughly  dry  for  approximate 
5  min. 

5.  AZ-1 375  full  strength  (positive)  photorosi st  is  applied 
onto  the  smooth  side  of  the  board.  The  board  is  then  r pun  at 
approximately  3000  to  3500  rpm  for  approximately  P0  s.  This 
results  in  the  situation  shown  in  Fig.  H.la. 

6.  After  air  drying  for  approximate'!;,'  P  to  3  min,  the  nlur: 
board  if,  baked  in  a  90°C  overt:  for  one'  hour. 

'j.  After  photoresist  baking  if,  completed,  l:c-  l-  nr:  If 
removed  from  oven  and  cooled.  The  micros! rip  circuit  mark  if 
aligned  on  the  board  as  indicated  in  Fig.  b .  1  b  anu  expof.ee: 


(typically  with  the  available  mask  aligner,  exposure  time  required 
was  approximately  3.5  min). 

8.  The  board  is  developed  in  AZ-developer  for  U  min,  vigorously 
shaking  the  board  in  solution. 

9.  After  developing,  the  board  is  rinsed  in  DI  water,  result¬ 
ing  as  shown  in  Fig.  R.le. 

10.  The  photoresist  protective  coating  is  examined  under  a 
microscope  for  flaws.  Bottom  side  is  also  checked  for  residual 
photoresist,  and  if  any  is  present  it  is  carefully  removed  with 
acetone-tipped  swabs. 

11.  After  a  satisfactory  microscope  check,  the  board  is  placed 
into  a  gold  plating  bath  solution  which  has  been  filtered  and  heated 
to  60°C.  Current  gold-plating  bath  has  the  following  spec i f i cat : one : 

a.  Plating  rate:  3  A/ft? 

b.  Deposit  rate:  0.001  in  in  lit  min  (at  plating  rate) 

c.  Flat. ing  temperature:  6o°C 

In  practice,  plating  time  is  adjusted  so  as  to  plate  at  current, 
levels  of  ?0  to  Uo  ttiA ,  with  higher  current  level  used  with  larger 
plating  areas.  If  unsuitable  current  levels  are  used,  a  soft, 
dark-colored  gold  is  obtained.  This  situation  is  undesirable  for 
bonding  purposes. 

12.  After  plating  for  a  specified  time,  the  board  is  removed 
from  the  plating  bath  and  rinsed  thoroughly  with  DI  water.  At 
this  point  the  alumina  board  appears  as  in  Fig.  B.ld. 

13.  The  board  in  now  soaked  in  acetone  to  remove  ail  photo¬ 


resist  and  then  rinsed  with  DI  water. 


After  drying  with  nitrogen,  the  alumina  board  it;  placea 
in  a  gold-etch  solution  for  approximately  1 ‘3  to  10  t;  (until  chrome 
ir.  visible)  to  remove  the  photoresist  protected  Au,  rinsed  in  Di 
water,  and  again  dried. 

lb.  A  final  etching  step  is  performed  by  placing  the  board  in 
a  chrome  etch  solut  ion  until  all  visible  chrome  is  removed  as  shown 
in  Fig.  h. le. 

U>.  Tlie  microstrip  circuit  board  is  completed  and  a  final 
microscope  extun inat ion  is  performed  to  confirm  a  suitable  line 
qual ity . 


AITKNDIX  C 


DIODK  DATA 


C.l  Microstrip  Diodes 

Diode  No.  22 


QIMP-7999 


F 

3T 

lit.  3 

GHz 

o 

@ 

o.s 

mA , 

93. 1 

Peak 

p  = 

o 

17. 

S  W 

Peak 

I 

=  1. 

6  A 

op 

0T 

= 

7.2° 

c/w 

Lot  No.  L3706-Uc 

CT  e  Vb  1.6s  p Y 

n  =  9.0  percent. 

Peak  V  =  122  V 
oP 

AT  =  1 28° C 
i  a  v  f  • 


Diode  No.  21 


QIMP-7999 

Lot  No . 

L- 3706-40 

F  =  lU.2  GHz 

0 

C  if*  V 

S’  b 

1.79  pF 

V,.  (o'  0.  S  mA,  93.  5 

D 

V 

i)  =  o.s 

percent 

Peak  Fo  =  17.5  Vi 

Peak  V  =  173  V 
op 

Peak  P  =  i.S  A 

op 

AT. 

,iave 

=  n9°c 

eT  =  7.1  °C/W 

Diode  No. 

36 

QIMP-7999 

Lot  No. 

; -3706-lC 

F  =  lit.  3  GHz 

O 

CT  *  \ 

1.77  pi 

v  (a  O.S  mA,  93.8 
h 

V 

T|  =  °  •  ‘ 

:  eroent 

Peak  Pn  =  17. S  W 

Peak  V 

0 

=  123  V 

Peak  1  =  1-S  A 

op 

AT . 

.lave 

=  122°C 

-1  J,h- 


Diode  No.  it  3 


Q IMF /7 9*99  I,"t  No.  L-Jfdf,- 


p  = 

U.p 

C  tit  V 

1  . 9  -5  pi- 

o 

T  l. 

vb  <> 

0.9  tr.A,  93.it  V 

n  =  fj.it 

percent 

Teak 

r  =  17.9  W 

Peak  V 

=  IP'*. 

o 

op 

Peak 

r  =  1.7  A 

op 

AT .  = 

,1  mv  e 

138'Y 

0,.,  =  7  .P°C/W 
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Diode  No.  31 


OIMP/7999 


Lot,  No.  P-3”0f'- 


=  lit. 


3 1  i  z 


V.  &  0.  5  m.A,  93.9  V 

D 


n  =  0  percent 


i '  =  1 7 . ' 1  W 

1  =  1.6  A 

cp 

=  o.V  'V/W 


v  = 
op 

A1" 

,iavt  ■ 


V 


Diode  No.  34 


..IMT/foo.) 


Dot  So.  !  it  — 


p  =  !•*.**  oil;'.  C„  V  1  . o 3  t>V 

V  v;>  n.'i  m/\,  93.0  v  »j  =  •».  -■  •rcer.i 


-1  35- 


laxial  Diodes 

5082-0710 

Lot.  No.  H-lt-51'- 

f  =  10.1 

0 

No.  20 

V,  @  0.5  rnA,  116  V 

D 

CT  §  Vb  1.97  pF 

P  =  12.8  W 

0 

n  =  10.1  percent 

I  =  81*  A 

op 

v  =  1I7  v 

op 

eT  =  6.i°c/w 

AT,  =  169  °C 

jave 

5082-0710 

R-1-5B 

f  =10.1  GHz 

0 

No.  63 

V  @  0.5  mA,  ll6  V 
b 

CT  @  Vfe,  198  pF 

P  =  12.8  W 

0 

n  =  10.2  percent 

I  =  0.8U  A 

op 

V  =  150  V 
op 

eT  =  7 .o°c/w 

AT.  =  198°C 

,}ave 

-136- 
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